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Abstract 

A significant number of people living with human immunodeficiency virus (HIV) suffer from 

HIV-associated neurocognitive disorders (HAND). Many previous studies investigating HIV in 

astrocytes as a heterogenous population have established the relevance of astrocytes to HIV-

associated neuropathogenesis.  However, these studies were unable to differentiate the state of 

infection, i.e. active or restricted, or to evaluate how this affects astrocyte biology. In this study a 

pseudotyped doubly labelled fluorescent reporter R/G-HIV-1 was used to identify and enrich 

restricted and active populations of HIV+ astrocytes based on the viral promoter activity. Here we 

report, the majority of human astrocytes restricted R/G-HIV-1 gene expression early during 

infection and were resistant to reactivation by vorinostat and interleukin-1b. However, actively 

infected astrocytes were inducible, leading to increased expression of viral proteins upon 

reactivation. R/G-HIV-1 infection also significantly decreased cell proliferation and glutamate 

clearance ability of astrocytes, which may contribute to excitotoxicity. Moreover, transcriptome 

analyses to compare gene expression patterns of astrocytes harboring active vs restricted long 

terminal repeats revealed that the gene expression patterns were similar, and the active population 

demonstrated more widespread and robust changes. Our data suggest that harboring the HIV 

genome profoundly alters astrocyte biology and strategies that keep the virus latent (e.g. Block 



 

	 	

and Lock), or those that reactivate the latent virus (e.g. Shock and Kill) may be detrimental to 

astrocyte function and possibly augment their deleterious contributions to HAND. 
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1.1 Societal burden of HIV:  

Human immunodeficiency virus (HIV) attacks the immune system by gradually infecting 

and depleting the body’s immune cells. This leads to a state of immune deficiency making people 

living with HIV (PLWH) susceptible to opportunistic infections, resulting in acquired 

immunodeficiency syndrome (AIDS). The two major types of HIV, HIV-1 and HIV-2 both can 

lead to AIDS. However, they are different from each other. Both HIV-1 and HIV-2 were further 

divided into groups and subtypes or strains. HIV-1 is the most common type and is responsible for 

the HIV epidemic. Whereas, HIV-2 occurs in a much smaller population of approximately 0.01% 

of all HIV cases and those are primarily people from west Africa (1). Despite significant declines 

in HIV/AIDS-related mortality, an estimated 770,000 people died from HIV-related illnesses in 

2018, and approximately 1.7 million new cases of HIV were also diagnosed. Since the beginning 

of the HIV epidemic, 78 million people have become infected with HIV, and nearly half, e.g. 37.9 

million, are living with HIV world-wide. Of which, an estimated 1.7 million are children under 

the age of 15. The vast majority PLWH are in sub-Saharan Africa, where new HIV infections 

decreased by 35% between 2000 and 2015 and AIDS-related deaths decreased by 24%. 

Simultaneously, access to antiretroviral therapy (ART) increased significantly. At the end of 2017, 

there were approximately 1.2 million PLWH in the United States (US), and 1 in 7 were unaware 

of their status. Most of the PLWH in the US were clustered in the south. There were 15,807 deaths 

among PLWH in the year of 2016 (2, 3). The federal government dedicated $ 34.8 billion to 

HIV/AIDS for the 2019 fiscal year. Of this, 7 % was spent on research. 

1.2 HIV-1 infection and reservoirs:  

HIV-1 transmission usually occurs through the exposure of mucosal surface to the virus. 

In the mucosal tissue, the virus comes in to contact with either CD4 T cells, Langerhans cells or 
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submucosal dendritic cells. From there, HIV-1 disseminates into the draining lymph nodes. Then 

the infection rapidly expands to gut-associated lymphoid tissue, and finally systemic dissemination 

of the virus occurs (4). When HIV-1 infects a particular cell, it leads to either active replication of 

the virus (productive infection) or remains dormant after integrating and becomes part of the 

cellular genome (latent infection). The term latent infection or latency is usually defined as a non-

productive state of infection of a pool of cells that are transcriptionally silent but retain the capacity 

to produce viral particles upon reactivation (5). HIV-1 infection can be controlled by optimal ART 

regimen, but it is not possible to achieve sterile cure. This is due to integration of HIV into the host 

genome and persist as latent infection in different anatomical sites of human body. CD4 T cells 

are the major targets for HIV-1 infection. Other immune cells of myeloid origin are also implicated 

as reservoirs and targets of infection. Activated T cells are the preferential targets for productive 

HIV-1 infection. However, their lifespan is short due to viral cytopathy (6). During their life cycle, 

some effector T cells will become long lived memory T cells. Infected effector CD4 T cells that 

transform into memory T cells become viral reservoirs. Out of various types of CD4 memory T 

cells, central memory T cells are the best characterized reservoirs for latent HIV-1 (7). 

Once the viral particles and infected cells become systemic, the infection spreads across 

the multiple anatomical sites of the body. HIV-1 infected cells can be found in the brain, lungs, 

kidneys, liver, adipose tissue, gastrointestinal tract, male and female genitourinary systems and 

bone marrow. During active infection, lymphoid tissues are the most important sites for viral 

replication. However, the contribution of all these anatomical sites as latent reservoirs is still 

debatable (8, 9). 

The definition of latency varies as it includes cells that harbor both replication competent 

and replication incompetent viral genome. The latter are also considered as reservoirs because they 
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can become replication competent by either mutations or recombinant events. Moreover, they can 

harbor open reading frames for viral proteins that could have toxic effects (10). 

Lymphoid reservoirs of HIV-1 are well characterized, whereas brain reservoirs are difficult 

to study. The only available samples to understand the disease while the patients are alive is 

cerebrospinal fluid (CSF). Presence of divergent strains in CSF in high number compared to the 

blood indicate that there is compartmentalization of brain reservoirs (11). Presence of viral proteins 

such as Tat and p24 along with viral RNA in the CSF also proves CNS as a potential viral reservoir. 

 

1.3 CNS HIV-1 infection: 

HIV-1 enters the central nervous system (CNS) early during infection via infected 

monocytes, a phenomenon known as the trojan horse hypothesis. Another mechanism of entry is, 

the inflammatory cytokines, such as tumor necrosis factor-a (TNF-a) from the periphery, disrupt 

the blood brain barrier (BBB) facilitating entry of cell free HIV-1 into the CNS where it infects 

resident microglia and macrophages. Not only pro-inflammatory cytokines from periphery have 

an effect on the BBB, overexpression of the envelope glycoprotein 120 (gp120) in a form that 

circulates in plasma also altered BBB integrity in mice (12). This suggests that cell free virus or 

viral envelope proteins may disrupt BBB during viremic phase of the infection. HIV-1 CNS 

infection is persistent, and the brain serves as a sanctuary for the ongoing infection since the 

majority of antiretroviral drugs have low CNS penetration index. Neurons are not susceptible to 

HIV-1 infection. The susceptible major neural cell types are macrophages, microglia and 

astrocytes (13, 14). HIV-1 resides and replicates in both macrophages and microglia that are 

productively infected. HIV-1 infection of astrocytes is controversial and will be discussed in detail 

below. However, up to 19% of astrocytes isolated from autopsy brain tissue tested positive for 
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integrated HIV-1 viral genomes (15). These cell types are long lived with turn-over rates from 

months to years. The low penetration index of ART into the CNS and longer life spans of these 

cell types support long term expression of viral particles, and these infected cells also serve as 

HIV-1 reservoirs. Multiple studies have also shown the presence of viral RNA and viral proteins 

in the CSF suggesting that CNS acts as a reservoir for HIV-1 (16). We know that HIV-1 invades 

brain soon after infection. HIV-1 infection was shown in astrocytes, perivascular macrophages and 

microglia. Therefore, a clear sterilization cure for HIV-1 is not possible without addressing both 

productive and latent infection in the CNS. Presence of different set of target cells and unique 

immunological selection pressures in the brain allow HIV-1 to evolve and persist in the CNS (15).

  

1.4 HAND:  

The introduction of antiretroviral therapy ART in the mid 1990s significantly increased the 

lifespan of PLWH. However, these people suffer from various comorbidities such as hypertension, 

diabetes, and hyperlipidemia. Another major manifestation of prolonged HIV-1 infection is HIV-

associated neurocognitive disorders (HAND) (17, 18). HAND were commonly observed in 

infected individuals since the beginning of the HIV/AIDS epidemic. Changes in the brain structure 

were observed within 100 days of infection even before seroconversion (19). HAND refers to a 

group of neurocognitive dysfunctions associated with HIV-1 infection. Approximately 30-70% of 

PLWH suffer from HAND (20, 21). These conditions range from asymptomatic neurological 

impairment to disabling dementia. In 1991 the American Academy of Neurology (AAN) defined 

two levels of neurological manifestations of HIV-1 infection, a severe form called HIV-associated 

dementia (HAD) and minor cognitive motor disorder. After the introduction of the combined ART 

therapy in 1996 the incidence of the most common and severe form, HAD, declined from 
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approximately 16% to less than 5%. However, the incidence of milder forms of the disease 

increased to 30-70% with the increased life expectancy of PLWH (22). With the changes in the 

incidence of various forms of the neurocognitive complications, the AAN refined the diagnosis 

criteria for HAND in 2007. The newer criteria were revised into three categories named as 

asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorder (MND) and HAD. 

Clinically these three are collectively referred to as HAND. The criteria used to distinguish these 

three variants of HAND are presented in Table 1.1. Today, the milder forms of HAND, MND and 

ANI, together account for 60-70% of all HAND (23). Also, those with an ANI diagnosis were two 

to six times more likely to develop a more severe form of HAND, such as mild neurocognitive 

disorder (MND) or HAD (24). 

Table 1. 1 Classification of HAND 

HAND type* Diagnostic criteria Functional status Prevalence 

Asymptomatic 
neurocognitive impairment 
(ANI) 

Impairment in ≥ 2 
neurocognitive domains  
(≥1 SD)# 

Does not interfere with 
daily functioning 

30 % 

Mild neurocognitive 
disorder (MND) 

Impairment in ≥ 2 
neurocognitive domains  
(≥ 1 SD) #  

Mild to moderate 
interference in daily 
functioning 

20-30 % 

HIV-associated dementia 
(HAD) 

Marked (≥ 2 SD) 
impairment in ≥ 2 
neurocognitive domains#  

Marked interference in 
daily functioning 

2-8 % 

* Cannot be explained by other comorbidities, # Minimum of five domains measured, standard 
deviation (SD) 
Neurocognitive domains: attention-information processing, language, abstraction-executive, 
complex perceptual motor skills, memory including learning and recall, and simple motor skills 
or sensory perceptual abilities. Adapted from (25) 

 

HIV-associated neuropathogenesis is a consolidated response of multiple types of cells as 

depicted in figure 1.1. It is a combination of intracellular and intercellular interactions, and 
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alterations of normal cell function. Upon infection, macrophages and microglia release various 

neurotoxic viral proteins such as gp120, transactivator of transcription (Tat), negative regulatory 

factor (Nef) and viral protein R (Vpr). Along with viral proteins, they also secrete various 

proinflammatory cytokines such as interleukin (IL)-1b, TNF-a, and matrix metalloproteinases. 

These neurotoxic viral proteins and inflammatory mediators act on various types of cell in the 

CNS, resulting in further upregulation of cytokines, chemokines and endothelial adhesion 

molecules that facilitate chemotaxis and attachment of immune cells of peripheral origin such as 

CD4 T cells, CD8+ T cells and monocytes into the CNS. At the same time, uninfected 

macrophages and microglia are responsive to viral proteins such as gp120 and cytokines secreted 

by infected glia and astrocytes (14, 26, 27). Neurotoxic proteins expressed by activated microglia 

include excitatory amino acids and related substances such as quinolinate, cysteine and other 

amine compounds. These excitatory amino acids can directly lead to apoptosis of neurons (28, 29). 

Other candidate neurotoxins secreted by macrophages and microglia include nitric oxide, platelet 

activating factor, arachidonic acid metabolites (prostaglandins), IL-1b, TNF-a, interferon (IFN) 

alpha and beta and IL-6 (30). 
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Figure 1.1 Current model for HIV-1-mediated neuropathogenesis in the CNS (adapted from 
Kaul et al., cell death and differentiation, 2005) (31). 

HIV-infected macrophages and microglial cells secrete neurotoxic viral proteins gp120, Tat, Nef 

and Vpr, and cytokines that trigger astrocyte activation. This results in further dysregulation of 

astrocyte functions. Astrocytes are restrictively infected and are capable of secreting viral proteins. 

Elevated extracellular glutamate levels and reactive oxygen species cause aberrant 

synaptodendritic pruning, excitotoxicity and oxidative damage in the neurons. Proinflammatory 

cytokines expressed by astrocytes and vascular endothelial cells further activate microglia and 

macrophages leading to increased production of chemokines and cytokines that contribute to 

neuronal injury. 

 

1.5 Astrocytes in HAND pathogenesis: 

1.5.1 Morphology and functions of astrocytes: 
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Astrocytes are the most numerous and diverse glial cells in the CNS. Astrocytes in the 

brain are as heterogenous as neurons. Different types of astrocytes are found in different regions 

of the brain that exert different physiological properties. Based on their location and morphology 

astrocytes are mainly classified into two categories. Protoplasmic astrocytes are present in the grey 

matter. These cells have several branching processes that form tripartite synapses and end feet that 

cover the tight junctions of blood vessels. The other type, fibrous astrocytes, are found in the white 

matter. Fibrous astrocytes have elongated unbranched cylindrical processes that align with 

myelinated fibers (32, 33). Astrocytes are one of the most abundant cell types in the CNS. In some 

regions of the brain, the number of astrocytes outweighs the number of neurons and vice versa. 

Astroglia perform a wide variety of functions in the CNS, including providing structural support, 

maintenance of ion-balance and BBB integrity, synaptic regulation, immune modulation, energy 

source to neurons, uptake and recycling of neurotransmitters, enhancement of myelination by 

oligodendrocytes and many more. Even though astrocytes do not conduct action potential across 

their processes, they exhibit changes in intracellular calcium, representing a form of astrocyte 

excitability (34).  

Astrocyte are a key part of the neurovascular unit.  Astrocyte foot processes make extensive 

contact with blood vessels that aid in formation of BBB, thereby regulating the movement of ions, 

molecules, and cells between the neural cells and the blood. Additionally astrocytes communicate 

between each other through gap junctions and it has been suggested that the astrocytic mechanisms 

that regulate the vasoconstriction and vasodilation are transmitted through these inter-astroglial 

gap junctions (35). Their endfeet also play a major role in the movement of CSF from periarterial 

space into the brain parenchyma. This process is facilitated by the water channels aquaporin-4 

(AQP4) that are abundantly expressed on the astrocytic endfeet that ensheathe the brain 
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vasculature. This influx of CSF into the brain parenchyma causes the flux of interstitial fluid 

towards the perivenous space from where it drains out of the brain through the cervical lymphatic 

system. This rapid fluid flux with interchange of CSF and interstitial fluid is termed as glymphatic 

system based on its similarity to the peripheral lymphatic system, and on the important role of the 

of the glial AQP4 channels in the fluid transport (36).  

Astrocytes are also known to secrete different mediators such as prostaglandins, nitric 

oxide and arachidonic acid that regulate local blood flow in the CNS (37). Another key function 

of astrocytes is to uptake excessive glutamate from neuronal synapses and to prevent 

excitotoxicity. Upon uptake astrocytes convert glutamate to glutamine and provide precursors to 

neurons for neurotransmitter synthesis (38). Astrocytes act as immune modulators in CNS. They 

respond to various pathogens as well as inflammatory cytokines by upregulating expression of 

various cytokines and chemokines, while simultaneously altering their morphology and 

physiological functions. This process is called reactive astrogliosis (39). 

1.5.2 Reactive astrogliosis: 

 Reactive astrogliosis is a finely graduated continuum of changes that occur in context-

dependent manners regulated by specific signaling events. These changes range from alterations 

in reversible gene expression to long-lasting scar formation with rearrangement of tissue structure. 

Recently, it has become widely accepted that astrogliosis is a hallmark of several 

neuroinflammatory diseases. The changes that occur during reactive astrogliosis can alter astrocyte 

function. This could be beneficial or detrimental to the CNS health and homeostasis. Several 

intercellular signaling mediators act as molecular triggers of astrogliosis. These include a wide 

variety of cytokines secreted by other cell types in the CNS, innate immune mediators such as 

lipopolysaccharide and toll like receptor (TLR) ligands and reactive oxygen species. It is also 
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known that various intercellular signaling pathways associated with cAMP, nuclear factor (NF)-

kB, signal transducer and activator of transcription (STAT) 3 and Nrf2 are also implicated in 

regulating different aspects of astrogliosis, including glial fibrillary acidic protein upregulation, 

secretion of pro- and anti-inflammatory cytokines and cell proliferation. During the process of 

astrogliosis, astrocytes contribute to the CNS disease mechanism through potential loss of normal 

functions or gain of detrimental effects (39). 

1.5.3 Astrocyte HIV-1 infection: 

 Astrocytes lack expression of the conventional CD4 receptor, which mediates the fusion 

and entry of HIV-1 virus with target cells. This major resistance factor makes astrocytes 

unsusceptible to conventional HIV-1 infection. However, astrocytes express both coreceptors C-

C chemokine receptor type 5 (CCR5) and C-X-C chemokine receptor type 4 (CXCR4) that mediate 

fusion of the virion with the target cell. It was shown that HIV-1 can infect CD4 negative cells via 

these coreceptors and other unconventional mechanisms. Nonetheless, the infection rates are quite 

low (40, 41). HIV-1 infection of astrocytes most likely occurs by endocytosis or cell-to-cell contact 

with infected cells, rather than by cell free virus (42-46). Being a major structural part of the brain 

vasculature astrocyte end feet are in constant contact with  the extravagating immune cells which 

could potentially make them susceptible for HIV-1 infection.  In vitro astrocytes are susceptible to 

HIV infection. Yet, it is inefficient, and few cells become persistently infected, approximately 

0.5% (47-49). Astrocytes also actively resist HIV infection by constraining viral RNA processing 

or translation and preferentially expressing viral regulatory proteins over structural proteins, which 

disrupts virion assembly (50-52).  While HIV+ astrocytes produce several neurotoxic viral proteins 

such as Tat, gp120, Vpr and Nef,  viral productivity in terms of infectious viral particles and viral 

protein expression is low (53-58).  This is why astrocyte HIV-1 infection is called restricted 
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infection. Ex vivo studies provide evidence that up to 7-19 % of astrocytes had integrated HIV-1 

genomes (15). Immunological studies looking for viral proteins in astrocytes in ex vivo brain 

tissues have been hampered by restricted/latent infection (false negatives) and uptake/transfer of 

viral proteins from other cells (false positives). None the less, the consensus of the scientific 

community is that at least some human astrocytes are restrictively infected by HIV. An infection 

rate of even 1% would correlate to 0.4 – 1.3 billion HIV+ astrocytes in a human brain, which could 

have widespread consequences on neuronal survival, BBB permeability and neuroinflammation. 

 

1.5.4 Role of Wnt/b-catenin in astrocyte HIV-1 infection: 

Wingless type ligand (Wnt)/b-catenin is a highly conserved signaling pathway involved in 

processes such as embryogenesis, development and adult multi-organ homeostasis. This pathway 

plays a crucial role in cellular events such as cell proliferation, differentiation, migration, survival 

and apoptosis (59). Aberrations or mutations in this pathway are implicated in numerous cancers 

(59). Wnt/b-catenin signaling is robust in astrocytes, and expression of its downstream 

transcriptional effectors T-cell factor/lymphoid enhancer factor (TCF/LEF) family members was 

previously shown in progenitor-derived astrocytes (60). The Wnt/b-catenin pathways have been 

shown to restrict the HIV life cycle in target cell types, including peripheral blood mononuclear 

cells and astrocytes. Four TCF-4 binding sites were found in HIV-1 promoter region close to 

transcription initiation site. The association between TCF-4, b-catenin and a nuclear matrix 

binding protein SMAR-1 on one of these sites is known to pull the DNA away from the 

transcription machinery (60, 61). Upregulation of Wnt/b-catenin signaling is evident in several 

neuroinflammatory diseases such as Parkinson’s disease, cerebral ischemia, Alzheimer’s disease, 

Huntington’s disease, as well as, HAND (62-64). 
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During CNS HIV-1 infection microglia- and macrophage-derived IL-1b and TNF-a also 

induce NF-kB signaling in astrocytes (65). NF-kB acts as a central regulator of innate and adaptive 

immune responses, cell proliferation, and apoptosis in various cell types (66). Inflammatory 

cytokines such as C-X-C motif chemokine ligand (CXCL) 8, C-C motif chemokine ligand  (CCL) 

2, CCL3, IFN-g and IL-6 production is upregulated by astrocytes in response to macrophage-

derived IL-1b and TNF-a during HIV-1 CNS infection (67). These key astrocyte derived cytokines 

recruit neutrophils and monocytes to the CNS and exacerbate HIV-1-associated inflammation. 

Astrocytes are the predominant source for IL-6 in the CNS, and its levels are low under 

physiological conditions. In the CNS, IL-6 acts as both a neurotropic and neurotoxic cytokine 

depending on the cellular context. Elevated IL-6 levels were found during several neurological 

disorders including injury, viral and bacterial meningitis, multiple sclerosis, Alzheimer’s disease 

and HIV-associated dementia (68). Previously, Ma et al. have shown that in chondrocytes, b-

catenin negatively regulates NF-kB-mediated IL-6 expression (69). 

Crosstalk between Wnt/b-catenin and NF-kB signaling during inflammation has been 

extensively studied in peripheral cells (70). However, little is known about its contributions to the 

neuroinflammatory responses of astrocytes. 

1.5.5 Astrocyte-mediated HAND pathogenesis:  

 Even though astrocytes make little or no virus under normal conditions, they express 

neurotoxic viral proteins such as Tat, gp120, Vpr and Nef (71, 72). Exposure to gp120 induces 

apoptosis in astrocytes and upregulates expression of neuroinflammatory cytokines (73). As an 

activating transcription factor of the viral genome, Tat also upregulates expression of various 

cytokines, chemokines, prostaglandins, reactive oxygen species and cell adhesion molecules (74). 

HIV-1 Nef is known to upregulate astroglial production of CXCL10, which recruits monocytes 
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and T cells to the CNS and to chronic neuroinflammation (72). In addition, astrocytes are highly 

sensitive to the proinflammatory cytokines secreted by infected macrophages and microglia, 

including IL-1b and TNF-a. Upon activation by both of these proinflammatory cytokines, 

astrocytes express large amounts of IL-6, CXCL8 and CCL2. Both CXCL8 and CCL2 are known 

to recruit neutrophils and monocytes respectively to the site of inflammation.  

 Astrocyte excitatory amino acid transporter 2 (EAAT2) is the primary glutamate 

transporter expressed on astrocytes and helps in the uptake of excessive glutamate from neuronal 

synapses to prevent excitotoxicity. Astrocytes are highly sensitive to IL-1b-mediated activation as 

they possess an IL-1b autocrine loop. IL-1b and TNF-a are known to downregulate astrocyte 

EAAT2 expression resulting in excitotoxicity (75). Viral protein Tat also decreases cell surface 

expression of EAAT2.  

 HIV-1-infected astrocytes can transmit toxic signals to uninfected cells via gap junctions, 

leading to cell death (76). As astrocytes are in close contact with neurons and capable of sensing 

neuronal activity, impairment of all these astrocyte functions can lead to neuronal dysfunction or 

injury. These mechanisms could be, increased extracellular potassium inducing depolarization of 

neuronal membrane, glutamate excitotoxicity, increased intracellular concentration of Ca2+ in 

neurons and finally neurotoxicity exerted by astrocyte derived inflammatory cytokines (77). 

1.6 Therapies for HIV-1 cure: 

Despite effective ART, PLWH suffer from several comorbidities such as HAND as 

discussed above, and to suppress viremia, patients need to follow the strict antiviral regimen. This 

is why achieving a sterile/functional cure has become a priority in the HIV field of research. 

Several attempts have been made towards achieving a functional cure, and only few people were 

cured from HIV-1 (78). In all these cases long term HIV-1 remission was achieved by allogenic 
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hematopoietic stem-cell transplantation from a donor with a homozygous mutation in the HIV-1 

coreceptor CCR5 (CCR5 D32/D32) to treat their cancer. However, this strategy is not feasible to 

cure HIV-1 in millions of PLWH across the world.   

 The current strategies to eliminate viral reservoirs can be classified into three main 

categories. 1) Shock and Kill – Reactivating latently infected cells to make them susceptible to 

killing by the immune system, while concurrently preventing new infection with ART. 2) Block 

and Lock – Inducing epigenetic changes or chromatin structure alterations to render provirus 

completely silent, forcing cells into a functional cure. And 3) Use of genetic engineering tools 

either to make cells resistant to the infection or excise/truncate the provirus from infected cells 

(10). 

 Shock and kill strategy is one of the widely used strategies to cure HIV-1 infection. There 

are approximately 15 clinical trials currently assessing various classes of latency reactivating 

agents (LRA). So far, no one LRA has successfully reduced the size of viral reservoirs, indicating 

that this one strategy is not sufficient in and of itself. LRAs will need to be combined with immune 

therapy or vaccinations that induce high affinity neutralizing antibodies to help effector-mediated 

cell death. Increased expression of inhibitory cell surface markers, like programmed cell death 

protein-1 (PD-1) / cytotoxic t-lymphocyte associated protein 4 (CTLA4), is a biomarker for viral 

infection and is a marker for T cell exhaustion and anergy. Blocking these inhibitory surface 

molecules with antibodies may increase ability of the immune cells (CD4 and CD8 T cells) to 

protect against viral infection (79). 

 The most recent strategy block and lock aims to suppress the viral transcription and keeps 

the virus silent till the infected cells die. HIV-1-Tat activates viral transcription by binding to Tat-

TAR element on the viral genome. Limited Tat activity leads to limited transcription of viral 
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genome and potential establishment of latency. Some studies used small molecules such as 

didehydro-cortistatin A that inhibit Tat to show delayed viral rebound in T cells isolated from 

aviremic patients when combined with treatment interruption. However, there is a greater need to 

explore multiple other mechanisms to keep the virus completely silent (80). 

 The other alternative and promising cure therapy is using gene editing technology such as 

cluster interspaced short palindromic repeats/CRISPR associated protein 9 (CRISPR/Cas9) or 

transcription activator-like effector nucleases (TALEN)/Zinc fingers. These gene editing strategies 

could be applied in various forms. First, designing and delivering guide RNA against HIV-1 

sequence will potentially excise the viral genome or renders it silent. Secondly, these techniques 

could also be used to induce mutations at Tat-TAR binding sites preventing transactivation of the 

viral genome by Tat. Finally, the widely used approach is to mutate the CCR5 coreceptor during 

HIV-1 infection. The famous Berlin patient who was successfully cured of HIV-1 is because of 

receiving hematopoietic stem cell transplantation with CCR5D32 homologous allele during his 

cancer treatment. However, phase one and two clinical trials of gene editing strategies targeting 

CCR5 were not successful (81-83) and may have unintended consequences. 

 A common feature in all these approaches is the challenge posed by the CNS reservoirs. 

Presence of the BBB and the type of cells infected are different than the conventional T cell 

reservoirs. Moreover, the brain cannot survive long term inflammation, which can lead to 

permanent neuronal damage. 

1.7 Objectives and specific aims: 

Once HIV-1 infects a cell, its viral genome integrates into the host genetic material. This persistent 

nature is why we failed to generate a HIV cure in the four decades since it was identified as the 

cause of AIDS. ART effectively suppresses peripheral viremia, it struggles to eliminate latent viral 



 

	 17	

reservoirs distributed across several anatomical sites in the human body of which the CNS remains 

a challenging sanctuary. HIV-1 CNS infection often leads to neurological impairment including 

cognitive and motor dysfunction collectively called as HAND. Despite the fact that ART 

significantly increased the lifespan of PLWH and decreased the incidence of the most severe form 

of HAND, mild to moderate neurocognitive impairment still persists in 30 to 50% of PLWH (20, 

84). 

As one of the most abundant cell types in the CNS, healthy astrocytes perform an array of 

important functions in maintaining homeostasis ranging from physical and metabolic support to 

other cells, uptake and regulation of neurotransmitters such as glutamate, maintaining BBB 

integrity, synaptogenesis, immune surveillance, and promoting neuronal survival by secreting 

neurotrophic factors.  In this context, astrocytes directly and indirectly potentiate HAND 

pathogenesis during HIV-1 CNS infection. Direct expression of viral proteins by astrocytes can 

result in neurotoxicity (85, 86), while impaired astrocyte function, such as impaired 

neurotransmitter clearance leading to excitotoxicity, or amplification of the neuroinflammatory 

response in the CNS, would indirectly contribute to neuronal dysfunction or death. This type of 

reactive astrocytes, i.e. astrogliosis, is evident during several neurocognitive disorders including 

HAND (87, 88).  

Despite all the progress toward understanding altered astrocyte function contributing to 

HIV neuropathogenesis, little is known about how HIV-1 latency affects their function. The 

contribution of astrocytes harboring HIV-1 on the CNS and development of neurological disease 

remain highly debated topics (89).  Astrocytes harboring HIV-1 genome can be reactivated by 

pharmacological LRAs such as vorinostat, a classic histone deacetylase inhibitor (HDACi), as well 

as inflammatory cytokines such as TNF-a, and IL-1b (56, 90-92). However, the effects of ART 
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and eradication strategies on astrocyte function are not well understood. Therefore, understanding 

the effects of integrated HIV virus on astrocyte function is critical to future therapeutic options for 

restoring or preserving CNS function in PLWH. 

Here our goal is to decipher the consequences of HIV-1 integration in human astrocytes 

and how viral long terminal repeat (LTR) activity affected the functional responses of HIV+ 

astrocytes.  We further hoped to identify targetable surface biomarkers of HIV+ astrocytes that 

could facilitate viral reservoir eradication. Thus we hypothesize that astrocyte HIV-1 proviral 

reservoirs alter their function in conjunction with unique gene expression patterns that could 

serve as biomarkers for HIV-1 infection. 

To address our hypothesis, we used a double fluorescent labelled HIV-1 reporter virus, 

red/green-HIV-1 (R/G-HIV-1) (93) that can distinguish the transcriptional state of the viral 

promoter and allows the isolation of HIV+ astrocyte populations with active (R+/G+, yellow) and 

silent/restricted (R+/G-, red) viral promoters. 

Specific Aim 1: To investigate how harboring HIV-1 provirus contributes to astrocyte dysfunction 

and HAND pathogenesis. 

Specific Aim 2: To identify targetable surface biomarkers for HIV-1 latency in human astrocytes 

that can potentially aid in the eradication of viral reservoirs. 

To address our specific aims, first we optimized the vesicular stomatitis virus glycoprotein 

(VSVG)-pseudotyped R/G-HIV-1 infection using both WT and integrase deficient (D116A) 

mutant in multiple human astrocyte donors. The R/G-HIV-1 construct was previously 

characterized in various T cell lines and primary human CD4 T cells (93). To investigate the viral 

promoter activity in astrocytes post infection and integration, endogenous fluorescence reporter-

based flow analysis was performed. The integration of the viral genome into the astrocyte genome 
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was also confirmed by Alu-gag PCR. Few studies have shown the detrimental outcomes of changes 

in gene expression of HIV-1-infected astrocytes towards understanding the role of astrocytes in 

HAND pathogenesis (94, 95). However, none of these studies was able to isolate the type of 

infection and its effects on the gene expression and function of astrocytes during inflammation and 

reactivation. Thus, we hypothesized HIV-1 infection of astrocytes significantly changes their gene 

expression along with their function and reactivation would exacerbate the dysregulation of the 

CNS homeostasis. So, next to determine the changes in gene expression and functions we isolated 

both active and restrictively infected R/G-HIV-1+ astrocytes by fluorescence activated cell sorting 

(FACS). 

Simultaneously, to compare and contrast the altered canonical and biological function 

pathways among active and restrictively infected astrocytes we used Ingenuity Pathway Analysis 

(IPA) to analyze the gene expression data. “Shock and Kill” therapy that reactivate latent reservoirs 

for clearance by cytotoxic immune cells will also be challenging since HIV+ astrocytes may be 

inducible to LRAs leading to augmented production of viral proteins. Therefore, it is important to 

identify biomarkers to target HIV+ astrocytes in the CNS without reactivating. IPA biomarker 

analysis also facilitated the analysis of surface biomarkers based on the RNA sequencing data. 

Finally, to determine the phenotypic similarities between our in vitro R/G-HIV-1 infection model 

in primary human astrocytes and in vivo samples from multiple brain regions of HIV-1-infected 

individuals we performed comparison analysis using IPA. 

Taken together, the studies within this dissertation will prove highly significant as they delineate 

the outcomes of astrocytes harboring either active or restricted viral promoters. We discuss how 

these studies provide new context and direction to understanding astrocyte-associated 

neuropathogenesis during HAND. These findings have significant implications that may guide 
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therapeutic interventions to promote astrocyte health and alleviate HIV-associated neurocognitive 

impairment. 

1.8 Importance: 

More than 37 million people are living with HIV-1 worldwide, and despite antiretroviral 

therapy 50-70% of the PLWH suffer from mild to moderative neurocognitive disorders. HIV-1 

reservoirs in the CNS are challenging to address due to low penetration of antiretroviral drugs, 

lack of resident T cells, and permanent integration of provirus into neural cells such as microglia 

and astrocytes. Several studies have shown astrocyte dysfunction during HIV-1 infection. 

However, little is known about how HIV-1 latency affects their function. The significance of our 

research is in identifying that the majority of HIV+ astrocytes remained latent and were resistant 

to reactivation. Further, simply harboring the HIV genome profoundly altered astrocyte biology, 

resulting in a proinflammatory phenotype and functional changes. In this context, therapeutic 

strategies to reactivate or silence astrocyte HIV reservoirs, without excising proviral DNA, will 

likely lead to detrimental neuropathological outcomes during HIV CNS infection.  
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2.1 Cell culture:  

Human astrocytes were isolated from brain tissues recovered from first- and early second-trimester 

conceptual tissue as described previously (96). Tissue samples were obtained from the Birth 

Defects Research Laboratory at the University of Washington in Seattle in full compliance with 

the ethical guidelines of the National Institutes of Health (NIH), Universities of Washington and 

North Texas Health Science Center. Isolated astrocytes were cultured in 1:1 v/v DMEM:F12 

medium containing 10% fetal bovine serum (catalogue no. PS-FB1  lot no. 27C1171, Peak Serum, 

Wellington, CO) (catalogue no. F-05000-D, lot no. F12C18D1 Atlas Biologicals, Fort Collins, 

CO), penicillin-streptomycin-neomycin 50 U - 50 µg/ml -100 µg/ml (PSN) (catalogue no. P4083, 

Sigma Aldrich, St. Louis, MO) and Amphotericin B 2.5 µg/ml (Catalogue no. A2942, Sigma 

Aldrich). 

2.2 Transfection of astrocytes: 

Human astrocytes were transfected either with no siRNA (mock), or scrambled non-targeting 

siRNA (siCon, Dharmacon), or siRNA specific to b-catenin (sib-catenin) using the AmaxaTM P3 

primary cell 96-well nucleofector kit (Lonza, Walkersville, MD, USA). Briefly, 1.6 million 

astrocytes were suspended in 20 µl nucleofector solution containing no si RNA or siCon or sib-

catenin (200 nM) and transfected using a Nucleofector/Shuttle (Lonza) device. Transfected cells 

were supplemented with media and incubated for 20 min at 37°C prior to plating. Cell were then 

cultured and allowed to recover for 48 h prior to experimental use. 

2.3 Constructs:  

Red/Green-HIV-1-WT or D116A were obtained from NIH AIDS Reagent Program (#12427 and 

#12428, respectively) (Fig 2.1A). The constructs were designed by Dr. Ivan Sadowski’s group at 

University of British Columbia in Vancouver, British Columbia, Canada (93). Briefly, the R/G-
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HIV-1 clone consist of two fluorescent markers to identify both silent (red) and productive HIV-1 

infection (green/yellow) (Fig 2.1B). The green fluorescent protein (eGFP) protein was placed in 

gag region flanked by matrix and capsid. The expression of gag-eGFP upon integration is under 

the control of HIV-1 LTR. The second reporter mCherry fluorescent protein replaced viral Nef. 

The expression of mCherry is under an individual CMV promoter, which is constitutively 

expressed and allows detection of integrated virus irrespective of the transcriptional state of the 

HIV-1 LTR promoter. The presence of two individual fluorescent reporters allow quantitative 

detection and fluorescence activated cell sorting (FACS) of cells with active (mCherry+/eGFP+ 

or R+/G+) and silent (mCherry+/eGFP- or R+/G-) viral promoter (Fig 2.1B). Another variant of 

R/G-HIV-1 (D116A), a catalytically defective integrase mutant, was used as infection control. 
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Figure 2. 1 Red/Green-HIV-1 Model.  

(A) Schematic representation of the R/G-HIV-1-WT/D116A constructs. (B) Schematic 

depiction of R/G-HIV-1 infected astrocyte population detected by FACS analysis. (C) Plasmid map 

of R/G-HIV-1-WT construct used for pseudotyping and mapping of RNA sequencing reads. 

 

2.4 Pseudotyping R/G-HIV-1-WT/D116A:  

Human embryonic kidney (HEK) 293 cells were plated at 50% confluency in T75 tissue culture 

flasks. Then co-transfected with pRGH-WT/D116A and pHEF-VSVG (p-human elongation-factor 

1 alpha promoter driven vesicular stomatitis virus glycoprotein) at 10:1 ratio by calcium phosphate 

(CaPO4) precipitation according to the manufacturer’s instructions (Clonetech Laboratories, Inc., 

Mountain View, CA). Briefly, plasmid DNA (3 µg/1X106 cells) and 2M calcium solution were 

added to sterile water (solution A). Then equivalent volume of 2X HEPES [4-(2-hydroxyethyl)-1-

piperazineetanesulfonic acid] solution (solution B) was slowly added to solution A, gently 

vortexed and incubated for 5 to 15 minutes. Then 2 ml of the precipitate was slowly added to the 

culture flask under sterile conditions and incubated overnight at 37oC and 5% CO2. Then calcium 

phosphate containing medium was removed; cells were washed with PBS; fresh culture medium 

was added and cultured at 37oC and 5% CO2. Cell culture supernatants were harvested 48 hours 

post-transfection, clarified to remove cellular debris by centrifuging at 3000 g for ten minutes and 

stored at -80oC. 

 

2.5 Reverse transcriptase activity assay:  

To measure reverse transcriptase activity, 10 µl of viral stock was lysed with 10 µl of dissociation 

buffer [100 mM of Tris-HCl pH 7.9, 300 mM KCl, 10 mM dithiothreitol (DTT), 0.1% NP-40] in 
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a round bottom well plate and incubated at 37oC and 5% CO2 for 15 minutes. 25 µl reaction buffer 

[ 50 mM of Tris-HCl pH 7.9, 150 mM KCl, 5 mM DTT, 0.05% NP-40, 15 mM MgCl2, 5 µl of 1 

mg/ml poly (A) x (dT)15 (Roche, Indianapolis, IN), and 1 µCi /ml of [3H] thymidine 5’-triphosphate 

tetrasodium salt (PerkinElmer, Inc., Waltham, MA)] was added to the mixture and incubated for 

18 – 24 hours at 37oC and 5% CO2. Fifteen minutes before harvesting the reverse transcribed 

cDNA was precipitated by adding 50 µl of ice cold 10% trichloroacetic acid (TCA) to each well. 

Precipitated DNA was transferred onto a filter plate (MultiScreen 96 well harvest plates, catalog 

no. MAHFB1H60, Millipore, Burlington, MA) with the help of FilterMate Harvester 

(PerkinElmer, Inc.). Then the filter plate was washed extensively with 5% TCA and dehydrated 

with 95% ethanol. The filter plate was counted for 3H-incorporation using MicroBeta2 scintillation 

counter (PerkinElmer, Inc). Counts per minute (CPM) was used to quantify the reverse 

transcriptase activity as a measure of viral concentration. 

 

2.6 Spinoculation of primary human astrocytes: 

Primary human astrocytes were seeded in either T-75 tissue culture flasks (10X106 cells/flask, 

catalog no. 130190, Thermo Fisher, Waltham, MA) or six well plates (2X106 cells/well) and 

allowed to recover overnight. VSVG-pseudotyped R/G-HIV-1-WT/D116A equivalent to 35,000 

CPM RT activity/ml was added to the cultures along with polybrene (8 µg/ml) (catalog no. TR-

1003-G, Sigma) in a final volume of 13 ml/T75 flask or 3 ml/well on a six well plate.  Flasks or 

plates were centrifuged at 600 g in a bench top centrifuge model ST40R using the swing bucket 

rotor # 75003180 and plate rack # 75003617 (Thermo Fisher Sorvall) at room temperature for two 

hours and incubated overnight at 37oC and 5% CO2. Next day unbound viral particles were 

removed by multiple PBS washes, and the cells were cultured in fresh medium. 
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2.7 Flow analysis and fluorescence activated cell sorting (FACS): 

R/G-HIV-1-WT/D116A-infected astrocytes were trypsinized and harvested from tissue culture 

plates at specified time points, and flow data were acquired using BD LSR II flow cytometer (BD, 

Franklin Lakes, NJ) and analyzed by FlowJo software (FlowJo LLC, Ashland, OR). R/G-HIV-1-

WT/D116A-infected astrocytes were maintained in culture with regular passaging. Two weeks 

post-infection cells were harvested by trypsinization, washed with PBS, filtered through a 70 µM 

filter and resuspended in FACS buffer (1% FBS in PBS) (10X106 cells/ml). Cells were sorted 

using Sony SH800 cell sorter (Sony Biotechnology, San Jose, CA). 

  

2.8 Immunocytochemistry: 

Sorted human astrocytes were plated in 48 well tissue culture plates at 1X105 cells/well and 

allowed to recover for at least 24 hours. Cells were washed multiple times with PBS and fixed 

with 4% paraformaldehyde in PBS for 15 minutes at room temperature to preserve red and green 

fluorescence. Cells were blocked with blocking buffer (2% BSA and 0.1% Triton X-100 in PBS) 

for one hour and probed overnight with primary antibody against HIV-1 p24 (produced in mouse, 

1:200, monoclonal, clone Kal-1, catalog no. M0587, Dako, Denmark). Then cells were washed 

three times with PBS and labelled with anti-mouse secondary antibody Cy5 (1:500, Thermo 

Fisher) for two hours. Images were taken at 20x magnification using Eclipse Ti-300 and processed 

by NIS-Element BR 3.2 software (Nikon Instruments, Inc., Melville, NY). 

 

2.9 Alu-gag PCR:  
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Integration of R/G-HIV-1 was assessed as previously described (97). Briefly, chromosomal DNA 

was isolated from astrocytes and 8e5 cells using DNeasy Blood and Tissue kit (Qiagen, Germany) 

as per the manufacturer’s procedures. The first PCR was carried out using Phusion High-Fidelity 

PCR kit (catalog no. F553S, Thermo Fisher) with an Alu-sequence-specific sense primer, Alu-

HIV (5’-TCC CAG CTA CTC GGG AGG CTG AGG-3’), and an antisense primer made to the 

R/G-HIV-1 sequence (5’-CCT GCG TCG AGA GAG CTC CTC TGG-3’) with an input DNA of 

10 ng in 50 µl reaction. The cycling conditions included an initial denaturation step (95oC) for 

three minutes followed by 25 cycles of denaturation (95oC for 30 seconds), annealing/extension 

(72oC for five minutes) and then a final extension (72oC for ten minutes). Then the first PCR 

product was diluted 10 fold and subjected to another PCR for measuring R/U5 DNA using sense 

primer M667 (5’-GGC TAA CTA GGG AAC CCA CTG C-3’), antisense AA55 (5’-CTG CTA 

GAG ATT TTC CAC ACT GAC-3’), and subsequently second PCR product was then run on a 

1% agarose gel and visualized using ethidium bromide (EtBr) on FluorochemQ gel imaging station 

(ProteinSimple, SanJose, CA). 1 kb marker was used (catalog no. SM0311, Thermo Fisher) to 

compare size of the PCR product. 

 

2.10 Real time gene expression analysis:  

RNA was isolated using Trizol reagent (Thermo Fisher Scientific, Waltham, MA) as previously 

described (96) followed by DNA digestion and precipitation. A Nanodrop fluorospectrometer 

(Thermo Fisher Scientific) was used to assess RNA purity and to quantify total RNA levels. Then 

transcripts were made into cDNA as per the manufacturer’s instructions (High Capacity cDNA 

Reverse Transcription Kit, catalogue no. 4368814, Thermo Fisher). Tat gene expression was 

quantified by TaqMan Fast Virus 1-Step Master Mix (catalogue no. 4444432, Applied Biosystems, 
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Foster City, CA) in 20 µl reactions, using StepOnePlus Real-Time PCR system according to the 

manufacturer’s protocols (Thermo Fisher). Primers used for Tat detection were 5’ 

GGAAGCATCCAGGAAGTCAG 3’ and 5’ GGAGGTGGGTTGCTTTGATA 3’ with 5’ 

CCTCCTCAAGGCAGTCAGAC 3’ used as probe. GAPDH (Thermo Fisher) was used as an 

internal control. Expression levels of b-catenin, LEF-1, and GAPDH were measured by real-time 

polymerase chain reaction (PCR) using Taqman® gene expression assays and the StepOnePlus 

detection system (Thermo Fisher Scientific). The 20 µl reactions were carried out at 60°C for three 

minutes, 95°C for three minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for one 

minute in 96-well optical RT2-PCR plate (Thermo Fisher). Transcripts were quantified by the 

comparative ΔΔCT method and represented as fold change to R/G-HIV-1-WT-infected untreated 

control. 

Table 2. 1 Gene expression assay target: 

Target Assay number 
(Thermo Fisher) 

Dye 

Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) 

4310884E (VIC/TAMRA) 

b-catenin Hs00355049_m1 (FAM/MGB) 

Lymphoid enhancement factor 
LEF-1 

Hs01547250_m1 (FAM/MGB) 
 

Interluekin-6 (IL-6) Hs00985639_m1 
 

(FAM/MGB) 
 

 

2.11 Protein isolation, identification and analysis:  

Cytoplasmic and nuclear lysates were isolated using a nuclear and cytoplasmic extraction kit 

according to the manufacturer’s methods (NE-PER, Thermo Fisher Scientific). Protein 

concentrations were determined by the BCA protein assay kit (Thermo Fisher Scientific) according 

to manufacturer’s instructions. The levels of specific proteins were determined by the WES 
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capillary protein detection system (ProteinSimple) according to manufacturer’s directions. 0.4 

mg/ml protein was loaded into WES capillaries. columns were probed with antibodies for Lamin 

A/C (mouse, cat: NBP-19324, Novus Biologicals, Littleton, CO lot:41815; WES 1:50), b-catenin, 

NFkB, GAPDH. 

 

2.12 Glutamate clearance assay: 

Sorted astrocytes were plated in triplicates in 96-well tissue culture plates at a density of 7.5 × 104 

cells/well and allowed to recover for 24 hours. Subsequently cells were treated with either IL-1b 

(20 ng/ml) or vorinostat (1 µM) alone or in combination for another 24 hours at 37°C and 5% CO2. 

Glutamate (400 μM) dissolved in phenol red free astrocyte medium was added into each well post 

treatment. Glutamate clearance was measured at 24 hours post-glutamate addition according to the 

manufacturer’s protocols (Amplex Red Glutamic Acid/Glutamate Oxidase Assay Kit, Thermo 

Fisher). Glutamate clearance was normalized to relative cell size of different astrocyte populations 

measured by flow analysis. Briefly; flow cytometry standard (FCS) file for each astrocyte culture 

was analyzed in FlowJo to calculate both the geometric mean of area under the curve of forward 

scatter and fold changes to D116A as the experimental control. These fold changes were then used 

to normalize glutamate clearance levels prior to calculating fold changes to the untreated D116A 

control. 

2.13 Measures of cell viability: 

Metabolic activity of astrocytes was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) assay as previously described (98). Briefly 0.25% MTT was added to 

astrocytes and incubated for 20 to 45 minutes at 37°C. Then MTT solution was removed, and 

crystals were dissolved in dimethyl sulfoxide (DMSO) for 15 minutes with gentle agitation. 
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Absorbance was assayed at 490 nm in a SpectraMax M5 microplate reader (Molecular Devices, 

Sunnyvale, CA). 

 

2.14 Quantification of HIV-1 viral protein and pro-inflammatory cytokines by ELISA: 

Cell culture supernatants were collected at specified timepoints after treatments and used to 

quantify HIV-1 viral protein p24 (catalogue no. 5421, HIV-1 p24 antigen capture assay, ABL, 

Inc., Rockville, MD), and proinflammatory cytokines CXCL8, CCL2, and IL-6 (catalogue no. 

D8000C, DCP00, and D6050 respectively, Quantikine ELISA Kits, R&D Systems, Minneapolis, 

MN) were assayed as per the manufacturer’s instructions and normalized to MTT levels as 

mentioned earlier. 

 

2.15 BrdU incorporation assay: 

Sorted astrocytes were plated in triplicates in 96 well tissue culture plates at 5 × 104 cells/well and 

allowed to recover overnight. Then cells were treated with either with IL-1b (20 ng/ml) or 

vorinostat (1 µM) alone or in combination 24 hours. BrdU was added halfway through the 

treatments and incorporation was measured using BrdU Cell Proliferation Assay Kit (catalogue 

no. 6813, Cell Signaling Technology, Inc, Danvers, MA) as per the manufacturer’s instructions. 

Data were normalized to R/G-HIV-1-D116A-infected untreated control. 

 

2.16 RNA isolation and sequencing: 

RNA was isolated using Trizol reagent as previously mentioned above. Samples were run on the 

Agilent 4200 TapeStation System (Agilent, Santa Clara, CA) to determine level of degradation 

thus ensuring only high-quality RNA was used (RIN Score 8 or higher). The Qubit 4 Fluorometer 
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(Thermo Fisher) was used to determine the concentration prior to staring library prep.  Four µg of 

total DNAse treated RNA were then prepared with the TruSeq Stranded mRNA Library Prep Kit 

(Illumina, San Diego, CA).  Poly (A) RNA was purified and fragmented before strand specific 

cDNA synthesis.  cDNA was then A-tailed, and indexed adapters were ligated.   After adapter 

ligation, samples were PCR amplified and purified with AMPure XP beads (Beckman Coulter, 

Brea, CA), then validated again on the Agilent 4200 TapeStation System.  Before being 

normalized and pooled, samples were quantified by Qubit and later run on the Illumina NextSeq 

500 using NextSeq 500/550 V2 sequencing reagent kit (Illumina). 

 

2.17 Bioinformatics analysis: 

Basic bioinformatics analysis of gene expression raw data was performed at The McDermott 

Center Bioinformatics Lab, UT Southwestern Medical Center, Dallas, Texas. Briefly the samples 

were sequenced using Illumina NextSeq 500 with the read configuration as 75bp, single end. Fastq 

files were checked for quality using fastqc (v0.11.2) (99) and fastq_screen (v0.4.4)  (100) and were 

quality trimmed using fastq-mcf (ea-utils/v1.1.2-806) (101). Trimmed fastq files were mapped to 

hg19 (UCSC version from igenomes) using Tophat (102). Duplicates were marked using picard-

tools (v1.127 https://broadinstitute.github.io/picard/). Read counts were generated using 

featureCounts (103), and the differential expression analysis was performed using edgeR (104).  

2.18 Quantification of R/G-HIV-1 transcripts: 

Raw demultiplexed Illumina RNAseq reads were quality trimmed using Trimmomatic v. 0.36 with 

the following options: LEADING:20 TRAILING:20 MINLEN:35 AVGQUAL:20 (105). The 

BWA MEM algorithm v.0.7.17 (106) was used with default settings, to map quality trimmed reads 

to the pRGH-WT HIV-1 molecular clone map and sequence file available on 
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www.aidsreagent.org, and reads were sorted using SAMtools (107). Counts were generated for 

reads based on the plasmid map feature list (NIH-AIDS Reagent Program, ARP) (Fig 2.1C). Raw 

expression counts were normalized by combining the R/G-HIV counts to the total human reference 

counts using the trimmed mean of M-values (TMM) normalization method in edgeR (104, 108). 

2.19 IPA analysis: 

Bioinformatics analysis was performed to analyze differentially expressed genes from uninfected, 

R/G-HIV-1 D116A-infected R-/G-, R/G-HIV-1-WT-infected R+/G- and R+/G+ samples from 

three different astrocyte donors as mentioned above. Outcomes from gene expression analysis 

were uploaded into Qiagen Bioinformatics’ IPA system (version 01-14) for core analysis, 

comparison analysis, biomarker analysis and analysis match. Cutoff values used to run the IPA 

were fold change either £ -2 or ³ 2, and false discovery rate (FDR) £ 0.05. 

2.20 Statistical analysis: 

Statistical analyses were performed using GraphPad Prism 8.3.1 (GraphPad software, San Diego, 

CA). All numerical data were taken as mean ± SEM. All data were analyzed using student t-test, 

a one-way, or a two-way ANOVA with Tukey or Fisher’s least significant difference post-hoc 

tests for pair-wise comparisons. Differences were considered statistically significant with p ≤ 0.05. 
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3.1 Most HIV+ human astrocytes restrict the viral LTR promoter:  

The R/G-HIV-1 construct (Fig 3.1A) was previously characterized in primary human CD4 

T-cells where latent populations with silent HIV LTRs were identified (93). In primary human 

astrocytes R/G-HIV-1 infection resulted in more red cells (R+/G-) compared to yellow cells 

(R+/G+) indicating the majority of the infected astrocytes restricted HIV LTR activity. These 

distinct populations appeared 48 – 72 hours post-infection, and the percentage of red cells (66.7%) 

was two-fold higher than that of yellow cells (33.3%) (Fig 3.1B). Therefore, R/G-HIV-1 promoter 

activity in human astrocytes was established early during R/G-HIV-1 infection. Further the 

proportions of R+/G- and R+/G+ cells remained steady through 21 days post-infection, despite 

declines in the overall infection rate (data not shown). While the proportion of red and yellow cells 

varied among 30 biologically independent astrocyte cultures, ranging between 41.6% to 88.7% 

R+/G- (red) and 11.2% to 58.3% R+/G+ (yellow) of infected cells 14 days post-infection (Fig 

3.1B), all together a significant majority of HIV+ astrocytes were R+/G- (67.95% ***p <0.001) 

as identified by this model. 

To isolate these populations, HIV+ astrocytes were separated by FACS based on the gating 

strategies shown for uninfected cells, R/G-HIV-1 D116A-infected R-/G- cells, and R/G-HIV-1-

WT-infected R+/G- (red) and R+/G+ (yellow) cells (Fig 3.1C). The purity of the sorted populations 

was greater than 90% when tested by flow cytometry (Fig 3.1D). The absence of yellow cells 

coupled with very low percentage of red cells, due to transient expression of mCherry in R/G-

HIV-1-D116A-infected cells, confirmed that HIV+ reporter expression depends on integration of 

proviral DNA into the astrocyte genome (Fig 3.1C). Alu-gag nested PCR also established 

integration of proviral DNA in R/G-HIV-1-WT-infected astrocytes (Fig 3.1E). When sorted 

populations were visualized microscopically, R+/G- astrocytes did not express the LTR driven 
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eGFP reporter or the viral protein p24 (Fig 3.1F), whereas R+/G+ astrocytes expressed both eGFP 

and the viral protein p24 (Fig 3.1G). Therefore, a clear distinction exists in this reporter model 

facilitating enrichment of the resultant HIV+ astrocyte populations. 

Figure 3. 1 Astrocyte R/G-HIV-1 infection was predominantly silent/restricted.  

(A) Schematic representation of the R/G-HIV-1-WT/D116A constructs. (B) Time kinetics 

of R/G-HIV-1 LTR activity in astrocytes was quantified by flowcytometry. Graph is representative 

of the mean +/- SEM of three individual astrocyte donors in triplicate determination. PI indicates 

post-infection. Astrocytes were infected with R/G-HIV-1-WT, cultured for two weeks and analyzed 

by flow cytometry. Graph is representative of 30 individual astrocyte donors. Whiskers on the box 

plot indicate range of minimum to maximum (*** p < 0.001 when compared to R+/G- population). 

Astrocytes were infected with R/G-HIV-1-WT/D116A and sorted 14 days post-infection. (C) Plots 

show the gating strategy used for sorting uninfected R-/G-, D116A-infected R-/G-, and R/G-HIV-

1-WT infected R+/G- and R+/G+ astrocytes. Graphs are representative of data from multiple 

donors. (D) R/G-HIV-1-WT-infected astrocytes were sorted to a purity of greater than 90%. 

Graphs show flow analysis of R/G-HIV-1-WT-infected astrocytes prior to sorting, and purity of 

individual cell populations R+/G- and R+/G+ post-sorting. Data shown are representative of two 

individual astrocyte donors. (E) Genomic DNA isolated from R/G-HIV-1-infected, sorted 

astrocytes and the 8e5 cell line, which harbors a single HIV-1 proviral genome per cell were 

analyzed to evaluate integrated R/G-HIV-1 by Alu-gag nested PCR. Data are representative of 

two individual astrocyte donors. R/G-HIV-1-WT-infected astrocytes were sorted seven days post 

infection and probed for HIV-1 viral protein p24. (F) Visually R+/G- astrocytes were p24 negative, 

and R+/G+ astrocytes were p24 positive (G). Fluorescent microscopy images (X 20) shown here 

are representative of three astrocyte donors. 
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3.2 R+/G- astrocytes resisted reactivation by vorinostat and IL-1b: 

Since the majority of R/G-HIV-1-infected astrocytes reported silent LTRs, we wanted to 

determine if this population could be reactivated by HIV-relevant neuroinflammation or a classic 

LRA. HIV+ monocytes and microglia secrete the pro-inflammatory cytokine IL-1b, which 

upregulates several known HIV LTR activating factors including protein kinase C (PKC), 

activation protein 1 (AP1), NF-kB and nuclear factor of activated T-cells (NFAT) (109). Further, 

astrocytes have a sensitive IL-1b autocrine loop that induces a reactive phenotype (110).  In this 

context, IL-1b was chosen as a prototypical activator and an endogenous LRA for these studies. 

The classic HDACi vorinostat was used as a pharmacological LRA. To determine if the HIV-1 

LTR is susceptible to reactivation in human astrocytes, cells were infected with R/G-HIV-1. Two 

weeks post infection, unsorted HIV+ cultures were treated with either IL-1b (20 ng/ml) or 

vorinostat (1 µM) alone and in combination for 24 hours followed by flow cytometry analysis (Fig 

3.2A, B, C, and D). Surprisingly, neither the percentage of red vs yellow cells, nor the mean MFI 

of GFP (data not shown) were not affected by vorinostat or IL-1b, when normalized to the 

untreated HIV+ population (Fig 3.2E). Interestingly, the total number of infected cells declined 

with IL-1b treatment alone and in combination with vorinostat; however, the changes were not 

significant. 

As reactivation was not detected by fluorescent reporters of the R/G-HIV-1 construct, the 

effects of vorinostat or IL-1b on viral gene expression were also evaluated by measuring viral 

mRNA and protein expression. Two weeks post-infection HIV+ cultures were treated with LRAs 

as described above. While IL-1b did not alter Tat mRNA levels, vorinostat increased Tat mRNA 

by 75% (Fig 3.2F, *p <0.05). Dual treatment induced significantly higher Tat mRNA expression 

than untreated HIV+ astrocytes (*p <0.05) but did not have a synergistic effect compared to 
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vorinostat alone. To measure HIV-1 LTR reactivation by LRAs at translational level, late viral 

protein p24 expression was measured by ELISA in cell supernatants collected 24 hours post-LRA 

treatment. Here, vorinostat increased p24 expression by 50% (Fig 3.2G, *p <0.05), and IL-1b and 

vorinostat cotreatment synergistically increased p24 levels (***p <0.001). Since these measures 

were inconsistent with R/G-HIV model reporter results, we wanted to determine, which population 

whether the silent LTR (red) or active LTR (yellow), was driving the changes in viral protein 

expression. 

R/G-HIV-1-infected astrocytes were sorted and treated with vorinostat and IL-1b for 24 

hours as described above. HIV p24 levels in sorted red HIV+ astrocytes were minimal as compared 

to that of yellow HIV+ astrocytes, which were 15-fold higher (Fig 3.2H, **p <0.01). Moreover, 

red astrocytes were resistant to reactivation. Treatment with either IL-1b or vorinostat alone or in 

combination failed to increase p24 levels of red HIV+ astrocytes to the basal levels of untreated 

yellow cells. However, yellow HIV+ astrocytes were sensitive to vorinostat, and HIV p24 levels 

were significantly higher compared to untreated yellow astrocytes ($$ p <0.01, $$$ p <0.001). In 

this context, the changes in viral gene expression measured in unsorted HIV+ astrocytes were 

likely the result of activating yellow populations, rather than inducing red cells to take on a yellow 

phenotype.  Thus, the viral gene expression measures match the R/G-HIV reporters. 

Next, we wanted to determine if harboring HIV and reactivation affect a key anti-

excitotoxicity function of astrocytes, glutamate clearance. Glutamate clearance was measured in 

D116A-infected R-/G-, WT-infected R+/G- and R+/G+ populations 24 hours post-LRA treatment 

(Fig 2I). Glutamate clearance capacity was significantly diminished in yellow astrocytes compared 

to the D116A infection control (^^ p <0.01) and WT-infected red populations (**p <0.01). IL-1b 

treatment significantly decreased glutamate clearance regardless of R/G-HIV-1 promoter activity, 
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while vorinostat showed no effect. Red HIV+ astrocytes appeared to be more sensitive to IL-1b-

mediated decreases in glutamate clearance capacity (-50%) than yellow HIV+ astrocytes (-30%) 

compared to their respective untreated controls. This could be because their glutamate clearance 

abilities were already severely impaired by harboring the provirus as well as significant viral 

protein expression. Together these studies demonstrated that the majority of HIV+ astrocytes 

reported as harboring silent viral promoters were resistant to reactivation by vorinostat and/or IL-

1b. However, astrocytes with active viral promoters were susceptible to activation by vorinostat. 

Finally, harboring active viral promoter also significantly reduced the glutamate clearance ability 

of these astrocytes, which was exacerbated by IL-1b treatment. 

Figure 3. 2 Restrictively infected astrocytes were resistant to reactivation.  

Human astrocytes were infected with R/G-HIV-1-WT in T-75 tissue culture flasks. Two 

weeks post-infection cells were treated with either IL-1b (20 ng/ml) or vorinostat (1 µM) alone or 

in combination for 24 hours. Cells were harvested, and fluorescence reporter activity was 

measured by flow analysis (A, B, C, D). Histograms are representative of seven donors. (E) 

Quantitative flow data were normalized to the total untreated R/G-HIV-1-WT population. (F) In 

parallel HIV-1, Tat levels were evaluated by real-time PCR. Graph is cumulative of three 

experiments in individual astrocyte donors. (G) Supernatants were collected 24 hours post-

treatment and assayed for HIV-1 viral protein p24. Graph is cumulative of seven individual 

astrocyte donors (* p < 0.05 and *** p < 0.001 when the treatments were compared to untreated 

control). (H) Red or yellow populations of astrocytes were sorted two weeks post infection, plated 

and allowed to recover for 24 hours. Cells were then treated as described above and assayed for 

HIV-1 viral protein p24. Data are representative of three individual astrocyte donors. (I) 

Glutamate (400 μM) was then added to the treated cells. Supernatants were collected 24 hours 
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after addition of glutamate, and clearance was measured. Graph shows normalized clearance 

levels in three separate astrocyte donors. Grey colored bars indicate D116A-infected R-/G- 

population, red and yellow colored bars indicate R+/G- and R+/G+ populations of astrocytes, 

respectively. Data represent mean ± SEM with triplicate determinations for each donor (*** p < 

0.001 when the treatments were compared to untreated R+/G- population, ## p < 0.01, ### p < 

0.001 when bars were compared to their respective treatments in R+/G- population, $$ p < 0.01, 

$$$ p < 0.001 when bars were compared to untreated R+/G+ population and ^^ p < 0.01, ^^^ p < 

0.001 when bars were compared to D116A-infected R-/G- population). 
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3.3 Gene expression profiles of astrocytes with silent and active R/G-HIV+ reporters:  

Exposure to HIV-1 caused changes in gene expression in astrocytes that contribute to 

neuropathogenesis. In order to determine how harboring the provirus alters transcriptome, human 

astrocytes were infected with R/G-HIV-1-WT or the integrase deficient clone R/G-HIV-1-D116A. 

Two weeks post-infection, uninfected, D116A-infected R-/G-, WT-infected R+/G- (red), and 

R+/G+ (yellow) cells were sorted. RNA was isolated, and RNA-seq was performed. The 

transcriptome data of sorted populations from three independent experiments were visualized as 

minus-over-average (MA) plots (Fig 3.3A, B, and C). Comparisons between uninfected and the 

infection control (D116A) astrocytes showed no significant differences in their gene expression 

profiles. Thus, D116A-infected R-/G- astrocytes were used to calculate gene expression fold 

changes and subsequent comparisons. Both red and yellow HIV+ astrocyte gene expression 

profiles were significantly different from that of D116A-infected cells (Fig 3.3B and C, 

respectively). A heatmap (Fig 3.3D) of the top 100 differentially expressed genes from the D116A 

vs R+/G+ comparison highlighted the similarities between D116A-infected cells and uninfected 

astrocytes, and between red and yellow HIV+ across three donor astrocyte cultures. 

 Along with the human transcriptome, HIV-associated genes were also mapped to the R/G-

HIV-1 reference genome and relative counts of HIV-1 transcripts expression among red and 

yellow cells from the three astrocyte donors were plot as a heatmap (Fig 3.3E). The transcription 

of HIV-associated genes was silent or significantly restricted in the R+/G- population compared 

to the R+/G+ population, but not completely silenced. Normalized levels of most HIV-associated 

transcripts were repressed by approximately 90% in R+/G- astrocytes as compared to R+/G+ 

astrocytes and were not statistically different than D116A-infected controls.  We were unable to 

ascertain what proportion of R+/G- cells had silenced LTR versus restricted LTR activity.  
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Expression of the R/G-HIV 5’ and 3’ UTR/LTRs was undetectable in both the red and yellow 

astrocyte transcriptomes, suggesting that neither population was expressing full length HIV RNA 

for virion generation. 

Differentially expressed genes that were at least two-fold up or down with a false discovery 

rate (modified p value) of £ 0.05 were used to plot Venn diagrams for comparisons between 

D116A and red (R+/G-) or yellow (R+/G+) populations (Fig 3.3F and G). Among a total of 163 

upregulated genes, only six were unique to the red (R+/G-) population (Fig 3.3H), while 101 were 

unique to the yellow (R+/G+) population, and 56 were common to both. Among 520 

downregulated genes, one was unique to the red population (Fig 3.3H); 333 were unique to the 

yellow population, and 186 were common to both. Thus, gene expression profile of the red 

population was mostly encompassed within that of yellow population. IPA’s core analysis was 

used to analyze the gene expression data. Comparison analysis of canonical pathways (Fig 3.3I) 

altered in both red and yellow populations indicated enrichment of typical antiviral responses such 

as interferon signaling, death receptor signaling, and activation of interferon regulatory factor 

(IRF) by cytosolic pattern recognition receptors. However, yellow cells showed additional 

enrichment of canonical pathways including inducible nitric oxide synthase (iNOS) signaling, role 

of pattern recognition receptors in recognition of bacteria and viruses, role of retinoic acid-

inducible gene-1 (RIG1) like receptors in antiviral innate immunity, interleukin-1 (IL-1) signaling, 

macrophage migration inhibitory factor (MIF) regulation of innate immunity, TNF receptor-2  

signaling, and induction of apoptosis by HIV-1. Downregulation of canonical pathways was also 

similar across HIV+ astrocyte populations including cell cycle regulation, chromosomal 

replication, and DNA damage responses. The similarities between disease and biological functions 

of red and yellow populations were profound and included upregulation of antimicrobial response, 
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antiviral response, apoptosis and necrosis, and downregulation of biological functions such as cell 

survival, cell viability, viral infection, replication of viruses, replication of RNA virus, and 

replication of viral replicon (Fig 3J). Together these data indicated that simply harboring the HIV 

provirus induces an infected phenotype, regardless of R/G-HIV-1 LTR activity, which could have 

profound implications on astrocyte function and associated neurotoxicity. 

Interferon signaling (Fig 3.4A) was the most upregulated canonical pathway in both 

populations. IFN-b1, IRF1, and 9, interferon-induced transmembrane protein (IFITM) 1, and 3, 

2’- 5’- oligoadenylate synthetase 1 (OAS1), and STAT1 were the key upregulated proteins among 

this pathway. IPA’s MAP tool predicted the activation of antiviral response and inhibition of 

replication of RNA virus mechanisms up on activation of interferon signaling pathway (Fig 3.4B). 

The upregulation of interferon signaling in both populations was also confirmed by measuring the 

mRNA levels of key transcription factor STAT1 in both population by real-time PCR (Fig 3.4C). 

Data show a near three-fold increase in the mRNA levels of STAT1 in both red and yellow 

astrocytes (* p£0.05). 

Figure 3. 3 Differential gene expression of R/G-HIV-1-infected astrocytes.  

RNA sequencing data were analyzed by edgeR program. MA plots for (A) uninfected vs D116A, 

(B) D116A vs R+/G-, and (C) D116A vs R+/G+. (D) The top 100 differentially expressed genes 

among all four populations were presented as a heat map (blue color indicates downregulation, 

and red color indicates upregulation) in three astrocyte donors D1, D2 and D3. (E) Quality 

trimmed and TMM normalized RNA sequencing reads were mapped to the R/G-HIV-1 reference 

sequence. A heat map shows relative expression of HIV transcripts across the same populations 

and astrocyte donors. (F) Upregulated and (G) downregulated genes compared to D116A among 

R+/G- and R+/G+ populations were plotted as Venn diagrams where red: genes unique to R+/G-
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, yellow: genes unique to 

R+/G+, and blue: genes 

common to both populations. 

(H) Differentially expressed 

genes unique to R+/G- 

astrocytes. Expression ratios 

were analyzed using IPA 

core analysis tool. Further, 

comparison analyses show 

heat maps depicting changes 

in Z-scores for selected (I) 

canonical pathways, and (J) 

disease and biological 

function. Blue and orange 

represent negative and 

positive Z-scores, 

respectively, indicating that 

the biological process was 

respectively increased or 

decreased based on the 

transcripts from each 

category. 
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Figure 3. 4 Upregulation of interferon signaling pathways.  

(A) Pathway image from IPA core analysis illustrating gene expression associated with interferon 

signaling. (B) Molecular activity prediction (MAP) tool indicates the potential outcomes of 

activating the interferon signaling. The color intensity indicates the degree of upregulation (red). 

Predicted activation (orange), inhibition (blue), and unknown association (yellow) were also 

shown. Grey color indicates molecules that were present in the dataset but did not pass the cut off 

values of false discovery rate £ 0.05 (FDR) and Log2 fold change (FC) either ³ 1 or £ -1. (C) 

Individual populations (red and yellow) were sorted, and STAT1 gene expression was measured 

by real-time PCR two weeks post infection. Data display mean fold changes with +/- standard 

error of mean (SEM) compared to D116A-infected cells. Data are cumulative of three individual 

astrocyte donors. Statistical analyses were performed using one-way ANOVA with Tukey’s post 

hoc-test for multiple comparisons (* p < 0.05). 

 

3.4 Both active and restricted R/G-HIV-1 infection upregulated neuroinflammatory 

signaling pathways in astrocytes: 

Neuroinflammatory signaling (Fig 3.5A) was one of the most upregulated pathways among 

both red and yellow populations. HIV-1 infection is known to induce secretion of inflammatory 

cytokines by astrocytes. Our gene expression data also demonstrated the upregulation of different 

cytokines by R/G-HIV-1-infected astrocytes. Along with the cytokines, transmembrane receptors, 

kinases, and transcriptional regulators were also present among the genes with increased 

abundance (Table 3.1). CCL5, CXCL10, IL-6, and IFN-b1 were key upregulated cytokines in both 

populations. Transmembrane receptors included Fas cell surface death receptor (FAS), major 

histocompatibility complex class 1, B and C (HLA-B, and C), intracellular adhesion molecule 1 
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(ICAM1), and TLR3. IRF7, NFATC2, NF-kB1-2 and STAT1 were among the upstream regulators 

or transcription regulators known to potentially drive the expression of inflammatory cytokines. 

The IPA MAP function predicted these cytokines would recruit T-cells and activate microglia. 

Even though all these transcripts were upregulated in both populations, the fold changes in 

astrocytes with active viral promoters (yellow cells) were higher compared to those of astrocytes 

with silent/restricted viral promoters (red cells). 

In order to verify the sequencing studies, we did confirmation studies by measuring mRNA 

levels of ICAM1 (Fig 3.5B) and CCL2 (Fig 3.5C) by real-time PCR in sorted populations. ICAM1 

and CCL2 mRNA levels were significantly elevated in both red and yellow astrocytes (*** 

p£0.001). Culture supernatants from these populations were also assayed to quantify CCL5 by 

ELISA (Fig 3.5D). Data indicate that red HIV+ astrocytes had comparable CCL5 levels to D116A 

control cells, and yellow astrocytes expressed significantly higher CCL5 levels compared to other 

populations (* p£0.05). From these observations it is evident that harboring R/G-HIV-1 provirus 

activated neuroinflammatory signaling pathways in human astrocytes, and these pathways were 

more prominent in populations with active HIV LTRs. 

Figure 3. 5 Molecular activity prediction (MAP) tool indicates neuroinflammatory outcomes.  

(A) Pathway image from IPA core analysis illustrating genes associated with 

neuroinflammatory signaling. MAP tool indicates the potential outcomes of neuroinflammatory 

cytokines being upregulated. The color intensity indicates the degree of upregulation (red) or 

downregulation (green) within the pathway and predicted activation (orange) or inhibition (blue) 

is also shown. Grey color indicates molecules that were present in the dataset but did not pass the 

cut off values of FDR £ 0.05, and Log2FC of either ³ 1 or £ -1 for significantly changed transcripts. 

Human astrocytes were infected with R/G-HIV-1-WT/D116A; individual populations (red and 
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yellow) were sorted. Gene expression of ICAM1 (B) and CCL2 (C) were measured by real-time 

PCR 14 days post-infection. (D) In parallel, culture supernatants were assayed for CCL5 by ELISA 

and normalized to MTT activity. Data are representative of three individual astrocyte donors. 

Statistical analyses were performed using one-way ANOVA with Tukey’s post hoc-test for multiple 

comparisons (* p < 0.05, *** p < 0.001 when the samples were compared to D116A control). 
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3.5 R/G-HIV-1 infection reduced DNA replication and cell proliferation in human 

astrocytes: 

Several genes involved in cell cycle regulation were downregulated in both populations 

(Fig 3.6A). Common key regulators of S, G2, and M phases of cell cycle, including the kinases, 

cyclin dependent kinase1 (CDK1), cyclin (CCN) A2, CCNB1, B2, CCNE2 and transcriptional 

regulators, such as E2F transcription factor (E2F) 1, 2, and 8, were decreased with R/G-HIV-1 

infection, which predicted cell cycle arrest during S-phase. Simultaneously comparison analysis 

of differentially expressed genes from red and yellow HIV+ astrocytes indicated downregulation 

of cell cycle control of chromosomal replication pathway (Fig 3.6B). Fold changes of the 

downregulated genes were higher among yellow astrocytes compared to those of red. Commonly 

downregulated transcripts included various key kinases and enzymes (Table 3.2) that regulate 

chromosomal replication such as DNA topoisomerase II alpha (TOP 2A), DNA primase subunit 1 

(PRIM1), different subunits of DNA polymerase [(alpha, delta, and epsilon) (POLA1, 2, POLD1, 

POLE)], mini-chromosome maintenance complex component (MCM) 2, 4, 5, 6, 7, and 8, cell 

division cycle (CDC) 6, 7, and 45, and CDK1, which together would inhibit DNA replication. 

Corroborating with sequencing data and MAP predictions, cell proliferation in R/G-HIV-

1-infected astrocytes was significantly reduced compared to that of D116A controls when 

measured by BrdU incorporation assay (Fig 3.6C). Yellow astrocytes were most affected with a 

70% reduction in cell proliferation. Reactivation with vorinostat also decreased cell proliferation 

of human astrocytes irrespective of the population; however, this effect was more evident in 

astrocytes harboring HIV-1 compared to D116A control cells. IL-1b activation did not alter 

proliferation rates significantly in either populations compared to their respective controls. Overall 
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the data suggest that HIV-1 infection broadly suppressed genes involved in cell cycle regulation, 

which affected functional outcomes. 

 

Figure 3. 6 R/G-HIV-1 infection inhibited astrocyte proliferation.  

(A) Pathway images from IPA core analysis illustrating genes associated with cell cycle regulation 

phases in the R+/G+ population. (B) Pathway image from IPA core analysis illustrating genes 

associated with cell cycle control of chromosomal replication. The color intensity indicates the 

degree of upregulation (red) or downregulation (green) within the pathway, correspondingly 

predicted activation (orange) or inhibition (blue) is also shown. Grey color indicates molecules 
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that were present in the dataset but did not pass the cut off values of FDR £ 0.05 and Log2FC of 

either ³ 1 or £ -1. (C) Individual populations of astrocytes were sorted two weeks post infection, 

plated and allowed to recover overnight. Cells were then treated with either IL-1b (20 ng/ml) or 

vorinostat (1 µM) alone or in combination for 24 hours. BrdU was added 12 hours post-treatment, 

and incorporation was measured at 24 hours by BrdU incorporation assay. Graph is 

representative of three individual astrocyte donors. Statistical analyses were performed using two-

way ANOVA with Tukey’s post hoc-test for multiple comparisons (* p < 0.05, ** p < 0.01, *** p 

< 0.001 when the treatments were compared to respective treatments in D116A control, and # p < 

0.05, ## p < 0.01, ### p < 0.001 when bars were compared to their respective treatments in R+/G- 

population). 

 

3.6 Extracellular targetable biomarkers specific for latent/restricted vs actively infected 

astrocytes were not identified:  

In an attempt to identify astrocyte specific biomarkers of HIV infection, a list of 

differentially upregulated genes predicted to be located on the plasma membrane was compiled. 

These transcripts included ion channels, enzymes and transmembrane receptors (Tables 3.3 and 

3.4). While several cell surface transcripts were significantly upregulated during R/G-HIV-1 

infection, no astrocyte specific cell surface markers were identified among R+/G- and R+/G+ 

populations. Biomarker analysis also indicated overlap between both populations of R/G-HIV+ 

astrocytes. Seven of eight cell surface transcripts upregulated in R+/G- astrocytes were also present 

in R+/G+ cells. These included bone marrow stromal cell antigen 2 (BST2), IFITM1-3, ICAM1, 

lymphocyte antigen 6 family membrane E (LY6E), phospholipid scramblase 1 (PLSCR1), and 

HLA-C (Table 3.3 and 3.4). However, these proteins are expressed by various cell types 
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throughout the brain and body and thus are unlikely to serve as targetable biomarkers for 

elimination of HIV+ astrocytes or therapeutic intervention to regulate their function. 

 

3.7 R/G-HIV-1-infected astrocyte transcriptomes were phenotypically comparable to brain 

gene expression array data from neurocognitively impaired (NCI) HIV-1-infected 

individuals: 

Using analysis match feature of IPA, the gene expression signatures of R/G-HIV-1-

infected astrocytes with transcriptome data were matched with National NeuroAIDS Tissue 

Consortium (NNTC) brain gene expression array data (111, 112). The NNTC datasets were 

collected from various regions (corpus callosum, white matter, neocortex, and neostriatum) of 

HIV-1-infected individuals classified post-mortem into three different subject categories: HIV-1-

infected individuals without substantial NCI, HIV-1-infected subjects with substantial NCI 

without HIV encephalitis (HIVE), and HIV-1-infected subjects with substantial NCI and HIVE. 

This analysis indicated broad similarities between our R/G-HIV-1-infected astrocyte 

transcriptomes and ex vivo brain gene expression array data. Although there were fewer similarities 

between the HIV+ astrocytes and subjects without substantial NCI’s gene expression patterns, 

striking similarities were observed with the other two categories. The comparisons were made 

based on the altered canonical pathways and upstream regulators. Similar canonical pathways 

included, interferon signaling, neuroinflammatory signaling, role of pattern recognition receptors 

in recognition of bacteria and viruses, IL-1 signaling, iNOS signaling, type1 diabetes mellitus 

signaling, and retinoic acid-mediated apoptosis signaling (Fig 3.7A). Most of the similarities were 

seen in upregulated canonical pathways; however, comparisons between upstream regulators 

included both upregulated and downregulated transcripts. Key upstream regulators of pathways 
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involved innate immune responses, antiviral responses, inflammatory pathways, cell cycle 

regulation, protein kinase A signaling, and neuronal synapse pathways (Fig 3.7B). Overall this 

comparison analysis suggested that there were great phenotypic similarities between the 

transcriptome data from pure in vitro red and yellow HIV+ astrocyte cultures and in vivo samples 

from multiple brain regions. 

 

Figure 3. 7 Gene expression patterns of R/G-HIV-1-infected astrocytes matched with HIV+ ex 
vivo brain gene expression array datasets.  

IPA’s analysis match illustrating comparisons of (A) canonical pathways, and (B) upstream 

regulators of R/G-HIV-1-infected astrocyte dataset to other HIV-1 CNS infection datasets in the 

IPA knowledge base. Blue and orange represent negative and positive Z-scores, respectively, 

indicating that the biological process or the upstream regulator is increased or decreased based 

on the transcripts from each category.  Data set descriptions: NCI and HIVE; HIV-1-infected 

individuals with substantial neurocognitive impairment and HIV encephalopathy, NCI and no 

HIVE; HIV-1-infected individuals with substantial NCI and without HIVE, HIV+ and no NCI; 

HIV-1 infected individuals with no substantial NCI. CC- corpus callosum, WM- white matter, NS- 

neostriatum, and FC- frontal cortex are different locations of brain samples (111, 112). 

 



 

	 54	

 



 

	 55	

Table 3. 1 Genes altered in neuroinflammation signaling pathway. 
  R+/G- R+/G+    

Symbol Entrez Gene Name Expr Log 
Ratio 

Expr p-
value 

Expr False 
Discovery Rate 

(q-value) 

Expr Log 
Ratio 

Expr p-
value 

Expr False 
Discovery Rate 

(q-value) 

Location Type(s) Entrez 
Gene ID 

for Human 
BIRC3 baculoviral IAP repeat 

containing 3 

1.422 0.000306 0.0297 2.257 2.31E-08 3.64E-06 Cytoplasm enzyme 330 

BIRC5 baculoviral IAP repeat 

containing 5 

-1.883 2.4E-06 0.000633 -2.892 3.34E-12 1.41E-09 Cytoplasm other 332 

CALB2 calbindin 2 0.071 0.912 1 -2.43 0.000455 0.0174 Cytoplasm other 794 

CCL5 C-C motif chemokine 

ligand 5 

2.937 1.19E-05 0.00237 4.823 1.4E-11 4.85E-09 Extracellular 

Space 

cytokine 6352 

CXCL10 C-X-C motif chemokine 

ligand 10 

2.171 0.00527 0.257 3.18 8.07E-05 0.00419 Extracellular 

Space 

cytokine 3627 

FAS Fas cell surface death 

receptor 

0.528 0.0614 0.967 1.023 0.000317 0.0129 Plasma 

Membrane 

transmembr

ane receptor 

355 

GAD2 glutamate decarboxylase 

2 

-0.796 0.256 1 -2.748 0.000231 0.0101 Cytoplasm enzyme 2572 

HLA-B major histocompatibility 

complex, class I, B 

1.244 0.00156 0.104 1.443 0.000259 0.011 Plasma 

Membrane 

transmembr

ane receptor 

3106 

HLA-C major histocompatibility 

complex, class I, C 

1.133 0.000342 0.0319 1.332 2.77E-05 0.00171 Plasma 

Membrane 

other 3107 

HMOX1 heme oxygenase 1 1.113 0.00566 0.272 1.864 5.55E-06 0.000432 Cytoplasm enzyme 3162 

ICAM1 intercellular adhesion 

molecule 1 

2.046 9.53E-09 1.06E-05 3.327 7.65E-19 5.39E-15 Plasma 

Membrane 

transmembr

ane receptor 

3383 

IFNB1 interferon beta 1 3.601 0.0269 0.693 6.895 1.34E-06 0.000131 Extracellular 

Space 

cytokine 3456 

IRAK2 interleukin 1 receptor 

associated kinase 2 

1.381 0.00147 0.099 1.659 0.00015 0.0071 Plasma 

Membrane 

kinase 3656 

IRF7 interferon regulatory 

factor 7 

1.291 0.00653 0.3 1.649 0.000577 0.0213 Nucleus transcriptio

n regulator 

3665 

MAPK15 mitogen-activated protein 

kinase 15 

-1.307 0.0446 0.864 -2.192 0.00119 0.0375 Cytoplasm kinase 225689 

MMP9 matrix metallopeptidase 9 1.506 0.0148 0.505 2.137 0.000575 0.0213 Extracellular 

Space 

peptidase 4318 

NFATC2 nuclear factor of activated 

T cells 2 

4.857 0.000342 0.0319 4.792 0.000393 0.0155 Nucleus transcriptio

n regulator 

4773 

NFKB1 nuclear factor kappa B 

subunit 1 

1.366 0.00399 0.211 1.68 0.00045 0.0173 Nucleus transcriptio

n regulator 

4790 

NFKB2 nuclear factor kappa B 

subunit 2 

0.948 0.00615 0.288 1.309 0.000174 0.00794 Nucleus transcriptio

n regulator 

4791 

PLA2G4C phospholipase A2 group 

IVC 

0.884 0.0654 0.982 1.624 0.000845 0.0291 Plasma 

Membrane 

enzyme 8605 

SLC6A1 solute carrier family 6 

member 1 

-0.937 0.141 1 -2.106 0.00136 0.0414 Plasma 

Membrane 

transporter 6529 
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STAT1 signal transducer and 

activator of transcription 

1 

1.905 4.66E-06 0.00105 2.099 5.34E-07 5.97E-05 Nucleus transcriptio

n regulator 

6772 

TLR3 toll like receptor 3 0.987 0.00955 0.385 1.506 9.08E-05 0.00454 Plasma 

Membrane 

transmembr

ane receptor 

7098 

 

Table 3. 2 Genes altered in cell cycle control of chromosomal replication pathway. 
  R+/G- R+/G+    

Symbol Entrez Gene Name Expr 
Log 

Ratio 

Expr p-
value 

Expr False Discovery 
Rate (q-value) 

Expr 
Log 

Ratio 

Expr p-
value 

Expr False Discovery 
Rate (q-value) 

Location Type(s) Entrez 
Gene ID for 

Human 
CDC45 cell division cycle 45 -1.516 0.000422 0.0382 -2.336 1.39E-07 1.79E-05 Nucleus other 8318 

CDC6 cell division cycle 6 -1.22 0.00278 0.159 -1.719 3.31E-05 0.00198 Nucleus other 990 

CDC7 cell division cycle 7 -1.685 0.000016 0.00304 -2.02 3.25E-07 3.84E-05 Nucleus kinase 8317 

CDK1 cyclin dependent kinase 1 -1.75 2.93E-09 5.59E-06 -2.803 6.71E-20 1.42E-15 Nucleus kinase 983 

CDT1 chromatin licensing and 

DNA replication factor 1 

-1.508 0.00177 0.114 -2.508 5.53E-07 6.11E-05 Nucleus other 81620 

DBF4 DBF4 zinc finger -1.432 0.000226 0.0238 -1.635 2.86E-05 0.00175 Nucleus kinase 10926 

DNA2 DNA replication 

helicase/nuclease 2 

-1.182 0.000714 0.0571 -1.593 6.65E-06 0.000502 Cytoplasm enzyme 1763 

MCM2 minichromosome 

maintenance complex 

component 2 

-1.108 0.000533 0.0455 -1.575 1.14E-06 0.000115 Nucleus enzyme 4171 

MCM4 minichromosome 

maintenance complex 

component 4 

-1.045 0.000326 0.0311 -1.395 1.98E-06 0.00018 Nucleus enzyme 4173 

MCM5 minichromosome 

maintenance complex 

component 5 

-1.034 0.000435 0.0386 -1.379 3.32E-06 0.00028 Nucleus enzyme 4174 

MCM6 minichromosome 

maintenance complex 

component 6 

-1.047 0.00014 0.0168 -1.186 0.000017 0.00113 Nucleus enzyme 4175 

MCM7 minichromosome 

maintenance complex 

component 7 

-0.861 0.00354 0.193 -1.106 0.000194 0.00869 Nucleus enzyme 4176 

MCM8 minichromosome 

maintenance 8 homologous 

recombination repair factor 

-1.009 0.00244 0.145 -1.332 7.29E-05 0.00385 Nucleus enzyme 84515 

ORC1 origin recognition complex 

subunit 1 

-1.316 0.00561 0.27 -1.776 0.00023 0.0101 Nucleus other 4998 

ORC6 origin recognition complex 

subunit 6 

-1.045 0.00451 0.23 -1.348 0.000281 0.0118 Nucleus other 23594 
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POLA1 DNA polymerase alpha 1, 

catalytic subunit 

-0.743 0.0118 0.437 -1.081 0.000276 0.0116 Nucleus enzyme 5422 

POLA2 DNA polymerase alpha 2, 

accessory subunit 

-0.969 0.00653 0.3 -1.187 0.00092 0.0311 Nucleus enzyme 23649 

POLD1 DNA polymerase delta 1, 

catalytic subunit 

-0.833 0.00715 0.32 -1.026 0.000968 0.0325 Nucleus enzyme 5424 

POLE DNA polymerase epsilon, 

catalytic subunit 

-0.997 0.000616 0.0514 -1.295 1.01E-05 0.000738 Nucleus enzyme 5426 

PRIM1 DNA primase subunit 1 -1.555 0.000661 0.0535 -1.968 2.19E-05 0.00141 Nucleus enzyme 5557 

TOP2A DNA topoisomerase II alpha -2.111 9.5E-09 1.06E-05 -3.07 9.87E-16 1.97E-12 Nucleus enzyme 7153 

 

Table 3. 3 Biomarker candidates of R+/G- astrocytes altered on cell surface. 
Symbol Entrez Gene Name Location Family Expr Log Ratio Expr p-value Expr False Discovery Rate (q-value) 

PLVAP plasmalemma vesicle associated protein Plasma Membrane other 4.095 0.0000286 0.00468 

BST2 bone marrow stromal cell antigen 2 Plasma Membrane other 3.146 1.51E-13 8.51E-10 

IFITM1 interferon induced transmembrane protein 1 Plasma Membrane transmembrane receptor 2.127 9.97E-08 0.0000676 

ICAM1 intercellular adhesion molecule 1 Plasma Membrane transmembrane receptor 2.046 9.53E-09 0.0000106 

LY6E lymphocyte antigen 6 family member E Plasma Membrane other 1.637 0.00000311 0.000763 

IFITM3 interferon induced transmembrane protein 3 Plasma Membrane other 1.413 3.75E-07 0.000183 

PLSCR1 phospholipid scramblase 1 Plasma Membrane enzyme 1.353 0.000337 0.0319 

HLA-C major histocompatibility complex, class I, C Plasma Membrane other 1.133 0.000342 0.0319 

 

Table 3. 4 Biomarker candidates of R+/G+ astrocytes altered on cell surface. 
Symbol Entrez Gene Name Location Family Expr Log 

Ratio 
Expr p-
value 

Expr False Discovery Rate (q-
value) 

P2RX2 purinergic receptor P2X 2 Plasma 

Membrane 

ion channel 5.892 0.000304 0.0125 
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P2RY12 purinergic receptor P2Y12 Plasma 

Membrane 

G-protein coupled 

receptor 

5.725 0.0000576 0.00317 

HTR2B 5-hydroxytryptamine receptor 2B Plasma 

Membrane 

G-protein coupled 

receptor 

5.665 1.93E-08 0.00000314 

CFTR cystic fibrosis transmembrane conductance regulator Plasma 

Membrane 

ion channel 5.395 0.000189 0.0085 

DSG1 desmoglein 1 Plasma 

Membrane 

other 4.954 0.000599 0.0219 

PTPRC protein tyrosine phosphatase, receptor type C Plasma 

Membrane 

phosphatase 4.796 0.0000114 0.000805 

CDH19 cadherin 19 Plasma 

Membrane 

other 4.557 0.0000545 0.00301 

ICAM4 intercellular adhesion molecule 4 (Landsteiner-Wiener blood 

group) 

Plasma 

Membrane 

other 4.062 1.24E-07 0.0000161 

ANO9 anoctamin 9 Plasma 

Membrane 

ion channel 3.515 0.000197 0.00876 

ICAM1 intercellular adhesion molecule 1 Plasma 

Membrane 

transmembrane receptor 3.327 7.65E-19 5.39E-15 

PCDH15 protocadherin related 15 Plasma 

Membrane 

other 2.999 0.000247 0.0106 

RTP4 receptor transporter protein 4 Plasma 

Membrane 

other 2.931 0.000287 0.012 

SELE selectin E Plasma 

Membrane 

transmembrane receptor 2.565 0.000929 0.0314 

BST2 bone marrow stromal cell antigen 2 Plasma 

Membrane 

other 2.545 9.08E-10 0.000000184 

LAMP3 lysosomal associated membrane protein 3 Plasma 

Membrane 

other 2.527 0.000106 0.00523 

CDH18 cadherin 18 Plasma 

Membrane 

other 2.3 0.00149 0.0443 

IFITM1 interferon induced transmembrane protein 1 Plasma 

Membrane 

transmembrane receptor 2.278 1.41E-08 0.00000232 

ICOSLG inducible T cell costimulator ligand Plasma 

Membrane 

other 2.058 0.000327 0.0132 

ICAM5 intercellular adhesion molecule 5 Plasma 

Membrane 

other 2.021 0.000151 0.0071 

LY6E lymphocyte antigen 6 family member E Plasma 

Membrane 

other 1.993 1.96E-08 0.00000316 
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TNFRSF9 TNF receptor superfamily member 9 Plasma 

Membrane 

transmembrane receptor 1.943 0.00156 0.046 

IRAK2 interleukin 1 receptor associated kinase 2 Plasma 

Membrane 

kinase 1.659 0.00015 0.0071 

PLA2G4C phospholipase A2 group IVC Plasma 

Membrane 

enzyme 1.624 0.000845 0.0291 

MGLL monoglyceride lipase Plasma 

Membrane 

enzyme 1.512 0.00134 0.0409 

TLR3 toll like receptor 3 Plasma 

Membrane 

transmembrane receptor 1.506 0.0000908 0.00454 

LYNX1 Ly6/neurotoxin 1 Plasma 

Membrane 

transporter 1.466 0.000365 0.0146 

IFITM3 interferon induced transmembrane protein 3 Plasma 

Membrane 

other 1.457 1.69E-07 0.0000214 

HLA-B major histocompatibility complex, class I, B Plasma 

Membrane 

transmembrane receptor 1.443 0.000259 0.011 

PLSCR1 phospholipid scramblase 1 Plasma 

Membrane 

enzyme 1.431 0.000153 0.00717 

SDK2 sidekick cell adhesion molecule 2 Plasma 

Membrane 

other 1.372 0.000122 0.00591 

HLA-C major histocompatibility complex, class I, C Plasma 

Membrane 

other 1.332 0.0000277 0.00171 

IFIT5 interferon induced protein with tetratricopeptide repeats 5 Plasma 

Membrane 

other 1.323 0.0000691 0.00372 

ABCA5 ATP binding cassette subfamily A member 5 Plasma 

Membrane 

transporter 1.308 0.000394 0.0155 

S1PR1 sphingosine-1-phosphate receptor 1 Plasma 

Membrane 

G-protein coupled 

receptor 

1.277 0.000227 0.00994 

CGNL1 cingulin like 1 Plasma 

Membrane 

other 1.255 0.0000788 0.00412 

ITGA2 integrin subunit alpha 2 Plasma 

Membrane 

transmembrane receptor 1.153 0.000246 0.0106 

ANO5 anoctamin 5 Plasma 

Membrane 

ion channel 1.076 0.000624 0.0226 

SLC41A2 solute carrier family 41 member 2 Plasma 

Membrane 

transporter 1.04 0.00137 0.0414 

FAS Fas cell surface death receptor Plasma 

Membrane 

transmembrane receptor 1.023 0.000317 0.0129 
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3.8 Summary:  

Most of the previous studies were looking at the HIV-1-infected astrocytes as a homogenous 

population and were unable to differentiate the type of infection, whether it was an active or 

latent/restricted infection and how this affects astrocyte biology. In this study we used R/G-HIV-

1 reporter construct that was previously characterized in primary human CD4 T-cells where the 

infection lead to majority of cells being latently infected. Similarly, in our studies in primary 

human astrocytes R/G-HIV-1 infection resulted in more red cells (R+/G-) that have minimal to no 

viral protein expression compared to yellow cells (R+/G+) indicating the majority of the infected 

astrocytes restricted HIV LTR activity. Reactivation studies indicated that R+/G- astrocytes 

resisted reactivation, whereas R+/G+ astrocytes were highly inducible to vorinostat alone and 

combination treatment by both IL-1b and vorinostat. Gene expression studies by RNA-sequencing 

demonstrated that despite harboring restricted or silent viral promoters, R+/G- astrocytes 

transcriptome was significantly altered, and it was similar to that of R+/G+ astrocytes. However, 

R+/G+ astrocytes have more heightened and broad changes to their transcriptome compared to 

R+/G- astrocytes. Typical antiviral responses and neuroinflammatory pathways such as interferon 

signaling, death receptor signaling, and activation of pattern recognition receptors were 

upregulated in both transcriptome profiles. Along with changes in gene expression, R/G-HIV-1-

infected astrocytes also showed functional anomalies. Despite the activity of viral promoter, both 

populations of astrocytes have reduced cell proliferation capacities. Our studies also demonstrated 

that being actively infected, significantly decreased glutamate clearance capacity of human 

astrocytes, a key function that prevents excitotoxicity in the CNS. Finally, comparison analysis 

studies suggested that there were great phenotypic similarities between our transcriptome data 
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from pure in vitro red and yellow HIV+ astrocyte cultures and in vivo samples from multiple brain 

regions of neurocognitively impaired HIV-1-infected individuals. 
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CHAPTER 4 

b-CATENIN-MEDIATED NEGATIVE REGULATION OF IL-6 

EXPRESSION BY HUMAN ASTROCYTES DURING HIV-

ASSOCIATED INFLAMMATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

	 63	

HIV-1 infection of macrophages and microglia in the CNS leads to cellular activation and 

secretion of neurotoxic cytokines such as IL-1b and TNF-a (26, 113). These cytokines indirectly 

mediate their neurotoxic effects by activating astrocytes and play an important role in the further 

induction of neuronal injury and HAND pathogenesis. 

NF-kB acts as a central regulator of innate and adaptive immune responses, cell 

proliferation, and apoptosis in various cell types (66).  Several studies have shown upregulation of 

inflammatory cytokines such as CXCL8, CCL2, CCL3, IFN-g and IL-6 production by astrocytes 

in response to macrophage-derived IL-1b and TNF-a during HIV-1 CNS infection (67). Crosstalk 

between Wnt/b-catenin and NF-kB signaling during inflammation has been extensively studied in 

peripheral cells (70). Previously, Ma et al. have shown that in chondrocytes, b-catenin negatively 

regulates NF-kB-mediated IL-6 expression (69). The Wnt/b-catenin pathways has been shown to 

restrict the HIV life cycle in target cell types, including PBMCs and astrocytes (60, 61); however, 

little is known about its contributions to the neuroinflammatory responses of astrocytes. In this 

study, we aim to decipher the regulation of NF-kB signaling by the Wnt/b-catenin pathway to 

better understand the mechanisms regulating astrocyte inflammatory response. 

4.1. HAND-relevant stimuli induce Wnt/b-catenin and NF-kB signaling in astrocytes:  

To investigate how HAND-relevant stimuli affect Wnt/b-catenin signaling during CNS 

HIV-1 infection, human astrocyte cultures were exposed to the pro-inflammatory cytokines IL-1b 

(20 ng/ml) and TNF-a (50 ng/ml) for eight hours either alone or in combination. As a key member 

of the pathway, b-catenin mRNA levels were analyzed by real-time PCR. Both IL-1b and TNF-a 

significantly increased b-catenin transcription (Fig 4.1A, p <0.001). To further confirm activation 

of Wnt/b-catenin pathway, levels of LEF-1, a key transcription factor and downstream modulator 
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of the pathway, were also measured. LEF-1 mRNA levels were elevated by at least 80% regardless 

of treatment (Fig 4.1B, p <0.001). These cytokines also increased the NF-kB transcription 

significantly (Fig 4.1C, p <0.001). Together, these data show that HAND-relevant inflammatory 

stimuli induce LEF-1 and b-catenin expression, suggesting induction of b-catenin signaling in 

human astrocytes. 

 

Figure 4. 1 HAND-relevant stimuli upregulated the canonical Wnt and NF-kB signaling in 
astrocytes. 

Astrocytes were treated with HAND-relevant stimuli IL-1b (20 ng/ml) and TNF-a (50 ng/ml). Total 

RNA was isolated eight hours post-treatment, and (A) b-catenin, (B) LEF-1, and (C) NF-kB mRNA 

levels were determined by real-time PCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

was used as a normalizing control, and bars are average mRNA fold changes to untreated controls 

with standard deviation (SD). Data are representative of three individual astrocyte donors. 

Statistical significance was determined by one-way ANOVA with Tukey’s post hoc-test for multiple 

comparisons (***p <0.001). 

 

b-catenin differentially regulates LEF-1 and NF-kB transcription during HAND-relevant 

stimuli:  
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To assess the crosstalk between Wnt/b-catenin and NF-kB signaling pathways, b-catenin 

was transiently knocked down in primary human astrocytes, and responses to HAND-relevant 

stimuli were tested. b-catenin specific siRNA decreased the mRNA levels of b-catenin 

approximately by 90% with and without HAND-relevant stimuli (Fig 4.2A) when compared to 

mock and siCon. b-catenin silencing also diminished IL-1b- and TNF-a-induced LEF-1 

transcription. However, basal LEF-1 transcription was unchanged (Fig 4.2B). Also silencing b-

catenin and LEF-1 did not affect NF-kB transcription (Fig 4.2C). Together, these data indicate that 

the Wnt/b-catenin pathway does not directly regulate NF-kB transcription in human astrocytes. 

 

Figure 4. 2 b-catenin knockdown in human astrocytes decreased levels of LEF-1 but not NF-
kB during HAND-relevant stimulation.  

Human astrocytes were transfected without siRNA (mock) or with non-targeting, scrambled siRNA 

(siCon) or b-catenin specific siRNA (sib-cat) by nucleofection and were allowed to recover for 24 

hours. Cells were then treated with either IL-1b (20 ng/ml) or TNF-a (50 ng/ml) alone and in 

combination. Total RNA was isolated eight hours post-treatment, and (A) b-catenin, (B) LEF-1, 

and (C) NF-kB mRNA levels were determined by real-time PCR. GAPDH was used as a 

normalizing control. Data shown are average mRNA fold changes +/- SD and are representative 

of experiments in three individual astrocyte donors. Statistical significance was determined by 

one-way ANOVA with Tukey’s post hoc-test for multiple comparisons (***p <0.001). 
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4.2. b-catenin negatively regulates astrocyte IL-6 expression:  

To determine if b-catenin regulated IL-1b and TNF-a - induced neuroinflammation, human 

astrocytes were treated with HAND-relevant stimuli, and levels of CXCL8, CCL2 and IL-6 were 

measured at both mRNA and protein levels. IL-1b and TNF-a treatment significantly increased 

CXCL8 and CCL2 expression both at RNA (data not shown) and protein levels (Fig 4.3 A & B). 

Treatment with IL-1b and TNF-a also significantly increased IL-6 mRNA and protein levels (Fig 

4.4 A & B). IL-1b treatment increased IL-6 to a greater magnitude than TNF-a and no synergistic 

effect of the combination treatment was apparent. b-catenin knockdown did not affect the levels 

of either cytokine CXCL8 or CCL2. However, it exacerbated HIV-associated IL-6 expression. 

This indicates Wnt/b-catenin pathway may negatively regulate IL-6 expression in human 

astrocytes during inflammation. 

 

Figure 4. 3 b-catenin knockdown did not alter CXCL8 or CCL2 expression by astrocytes in 
response to inflammatory stimuli.  

Human astrocytes were transfected without siRNA (mock), with siCon or sib-catenin by 

nucleofection and were allowed to recover for 24 hours. Cells were then treated with either IL-1b 

(20 ng/ml) or TNF-a (50 ng/ml) alone or in combination for 24 hours. Culture supernatants were 
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then collected and (A) CXCL8 and (B) CCL2 levels were measured by ELISA. Data are average 

protein levels +/- SD and are representative of two experiments in individual astrocyte donors. 

Statistical significance was determined by one-way ANOVA with Tukey’s post hoc-test for multiple 

comparisons (***p <0.001). 

 

 

Figure 4. 4 b-catenin knockdown increased astrocyte IL-6 expression in response to 
inflammatory stimuli. 

Human astrocytes were transfected without siRNA (mock), or siCon or sib-catenin by 

nucleofection and allowed to recover for 24 hours. Cells were then treated with IL-1b (20 ng/ml) 

or TNF-a (50 ng/ml) alone and in combination. Total RNA was isolated eight hours post-

treatment, and (A) IL-6 mRNA levels were determined by real-time PCR using GAPDH as a 

normalizing control. Culture supernatants were collected 24 hours post-treatment, and levels of 

(B) IL-6 were measured by ELISA. Data are average mRNA fold change or protein levels +/- SD 

and are representative of experiments in three individual astrocyte donors. Statistical significance 

was determined by one-way ANOVA with Tukey’s post hoc-test for multiple comparisons (***p 

<0.001). 
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4.3. Activation of b-catenin diminishes the IL-6 expression by human astrocytes:  

Since b-catenin knockdown during HAND-relevant stimuli exacerbated the expression of 

IL-6 by astrocytes, the effects of b-catenin activation were also evaluated. Human astrocytes were 

pre-treated with 6-bromoindirubin-3’-oxime (BIO), GSK3-b inhibitor that prevents proteasomal-

mediated degradation of b-catenin and making it readily available to translocate into the nucleus 

and activate the pathway. Pre-treated or untreated astrocytes were stimulated with HAND-relevant 

stimuli, and supernatants were assayed for IL-6 expression by ELISA (Fig 4.5). While TNF-a 

minimally increased IL-6 levels, b-catenin stabilization did not affect TNF-a - induced IL-6 

expression. However, in the context of IL-1b alone and in combination with TNF-a, b-catenin 

stabilization significantly decreased IL-6 secretion (Fig 4.5, ***p <0.001). Together the data 

indicate that b-catenin negatively regulates IL-6 expression by human astrocytes during treatment 

with IL-1b alone and in combination with TNF-a. 

 

Figure 4. 5 b-catenin stabilization significantly reduced IL-6 expression by human astrocytes 
during HIV-associated inflammation. 
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Human astrocytes +/- pretreated with BIO (500 nM) for one hour were then exposed to IL-1b (20 

ng/ml) or TNF-a (50 ng/ml) alone or in combination for 24 hours. Culture supernatants were 

collected, and IL-6 levels were measured by ELISA. Data are average protein levels +/- SD and 

are representative of two experiments in individual astrocyte donors. Statistical significance was 

determined by one-way ANOVA with Tukey’s post hoc-test for multiple comparisons (***p 

<0.001). 

 

4.4. Activation of Wnt/b-catenin signaling pathway increases the translocation of b-catenin 

and NF-kB into nucleus:  

To determine if activation of the Wnt/b-catenin signaling pathway regulates the nuclear 

localization of NF-kB, cells were treated with BIO, cytosolic, and nuclear fractions of cell lysates 

were analyzed for b-catenin and NF-kB levels using simple WES (Protein simple, San Jose, CA). 

b-catenin stabilization slightly decreased cytosolic levels of both b-catenin and NF-kB (Fig 4.6 A 

& B), which was coupled to increased translocation of both proteins into the nucleus (Fig 4.6 C & 

D). Together our data indicate that activating the canonical Wnt/b-catenin signaling pathway 

significantly increased nuclear translocation of NF-kB in human astrocytes. 
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Figure 4. 6 b-catenin stabilization significantly increased NF-kB nuclear localization.  

Human astrocytes were incubated with or without BIO (500 nM) for 24 hours and levels of b-

catenin and NF-kB in cytosolic and nuclear fractions were evaluated by WES protein analysis.  

Fraction specific markers lamin A/C for nucleus and GAPDH for cytosol were used as loading 

controls. Data are average protein levels +/- SEM from three individual astrocyte donors. 

Statistical significance was determined by one-way ANOVA with Tukey’s post hoc-test for multiple 

comparisons (*p <0.05, **p <0.01, ***p <0.001). 

4.5 Canonical Wnt/b-catenin signaling negatively regulates NF-kB-mediated IL-6 

production by astrocytes. 

Altogether as we summarized in figure 4.7, our data indicates that HAND-relevant stimuli 

IL-1b and TNF-a upregulated Wnt/b-catenin signaling and further downstream transcription 
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factors such as LEF-1 in human astrocytes (Fig 4.1 & 4.2). In parallel, HAND-relevant stimuli 

also upregulated NF-kB signaling (Fig 4.1 & 4.2) leading to reactive astrogliosis phenotype by 

secreting inflammatory cytokines such as CXCL8, CCL2 and IL-6 (Fig 4.3 & 4.4). Activation of 

b-catenin by inhibiting GSK3-b facilitated the translocation of both b-catenin and NF-kB into the 

nucleus from cytosol (Fig 4.6). Also, b-catenin signaling negatively regulated NF-kB-mediated 

IL-6 production in astrocytes (Fig 4.4 & 4.5). However, it did not change expression of other 

inflammatory cytokines CXCL8 and CCL2 (Fig 3). This upregulation of Wnt/b-catenin signaling 

and its negative regulation of IL-6 production during the HIV-relevant inflammatory stimuli 

indicates that Wnt/b-catenin signaling is trying to mitigate the inflammatory burden in the CNS 

mediated by astrocytes. 
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Figure 4. 7 Crosstalk between Wnt/b-catenin and NF-kB signaling during HIV-associated 
inflammation. 

HIV-associated inflammatory stimuli IL-1b and TNF-a upregulated both Wnt/b-catenin and NF-

kB signaling in human astrocytes. Activation of b-catenin significantly improved translocation of 

both b-catenin and NF-kB into nucleus. Simultaneously, it decreased IL-1b-mediated expression 

of IL-6 by astrocytes. In spite of the regulatory overlap between Wnt/b-catenin and NF-kB 

signaling during HIV-associated inflammation, the mechanism of interaction between these two 

pathways is yet to be decoded in human astrocytes. It could be either an inhibitory interaction 

between the active b-catenin and NF-kB or downstream regulators of b-catenin pathway affecting 

the NF-kB signaling. 
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DISCUSSION 

PORTIONS FORMATTED AND PUBLISHED AS: 

Insights into the Gene Expression Profiles of Active and Restricted Red/Green-HIV+ Human 
Astrocytes: Implications for Shock or Lock Therapies in the Brain 

Journal of Virology. 2020. February 28. e01563-19 
https://jvi.asm.org/content/94/6/e01563-19.long 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

	 74	

 

 

 

5.1 Discussion: 

Astrocytes are the non-neuronal cells in the brain that support health and homeostasis of 

CNS by performing critical functions. Microarray and transcriptome studies established that HIV-

1 infection or treatment with viral coat protein gp120 profoundly alters gene expression of 

astrocytes that ultimately affects cellular functions and contributes to neurotoxicity and 

dysfunction (114-116). Most of these studies looked at infected astrocytes as a homogenous 

population and did not differentiate whether it was an active or latent/restricted infection or how 

this affects astrocyte biology. In this study a pseudotyped doubly labelled fluorescent reporter R/G-

HIV-1 was used to identify and enrich active and latently infected populations of HIV+ astrocytes 

that helped us in understanding the effects of integrated HIV virus and the viral promoter activity 

on astrocyte function. 

HIV-1 latency is established early during the infection and is the result of progressive 

epigenetic silencing of active infection. The possible epigenetic mechanisms include factors such 

as location and orientation of the provirus in the host genome, HIV-1 LTR chromatin structure and 

modifications such as acetylation and methylation, activation state of the host cell, transcription 

factor pool, and threshold levels of the viral Tat (117). Class 1 HDAC and histone methyl 

transferases have been shown to epigenetically silence HIV-1 LTR activity in primary human 

progenitor-derived astrocytes, astrocytoma cell lines and other cell types such as resting CD4 T 

cells, microglia, T cell lines, and HeLa cells (118, 119).  
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Apart from the above-mentioned cellular mechanisms driving the establishment of latency, 

the cellular activity state and activity of other transcription factors during/prior to infection played 

an important role in the establishment of productive vs non-productive infections. In Jurkat cells, 

R/G-HIV-1 infection leads to non-productive infection in the majority of cells, and  this was 

inversely correlated to cellular activity state, specifically NF-kB activity (120). Our transcriptome 

analyses indicated significant upregulation of NF-kB subunits 1 and 2 in the R+/G+ population 

two weeks post-infection.  Further investigations into the regulation of HIV infection by prior NF-

kB activation may help understand establishment of HIV latency in astrocytes in the context of 

chronic, low grade neuroinflammation associated with HIV CNS infection. As one of the highly 

abundant cell types in CNS, astrocytes come in different types and shapes as mentioned earlier. 

Like neurons astrocytes interact with various cell types and have various functionality, which 

makes their subpopulations more diverse. Further infection during different cell-cycle stages may 

also regulate the activity of HIV-1 infection in astrocytes. Further studies would be needed to 

discern various cellular mechanisms that may drive establishment of active vs restricted HIV-1 

infection in human astrocytes. 

Studies into the reactivation of latently infected HIV+ astrocytes with LRAs, including 

HDACi, PKC agonists and proinflammatory mediators have been enigmatic. Some have shown 

failure to reactivate HIV in astrocytes even in cells with prolonged viral gene expression (121, 

122), while others demonstrated HIV reactivation in various types of astrocytes (118, 123). Our 

data also indicated significant activation in un-sorted HIV+ astrocyte populations by vorinostat 

alone and in combination with IL-1b.  However, we extended upon these studies to show that 

purified populations with integrated, silent/restricted viral promoters were resistant to these 

reactivators.  While IL-1b and vorinostat marginally increased HIV-1 p24 levels in R+/G- 
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astrocytes, they did not attain expression levels equal to R+/G+ astrocytes and did not shift from 

single to double reporter positive. In parallel, astrocytes with active viral promoters were highly 

inducible. This suggests that reactivation efforts to identify latently infected astrocytes may fail 

and only promote the expression of neurotoxic viral proteins from active populations. 

  Barat et al. also detected a sub population of latent HIV+ astrocyte expressed HIV p24 and 

hypothesized that these R+/G- populations were either deeply latent or defective (122). In our 

study, expression of viral transcripts was detected in the transcriptome of both populations of R/G-

HIV-1-infected astrocytes; however, transcription was significantly restricted in R+/G- astrocytes 

compared to R+/G+ astrocytes in all R/G-HIV transcripts but the CMV-driven mCherry reporter. 

While the single end 75 base sequencing method used is not an ideal technique to differentiate the 

spliced vs unspliced variants of HIV transcripts; HIV gene mapping indicated very little to no 

alignment of reads to the 5’ or 3’ LTR/UTR regions of R/G-HIV-1 in either population. This may 

indicate that neither R/+G-HIV-1 population is expressing full length RNA transcripts at 

detectable levels. This effect may be mediated by the R/G-HIV construct that lacks both nef and 

env genes, known regulators of viral infection and neurotoxicity in astrocytes (46, 124).  Since 

Barat et al. have demonstrated long term productive infection in non-sorted NL4.3 eGFP-IRES-

Crimson HIV+ astrocytes, which harbor the complete proviral genome (122), further 

investigations would be needed to determine if the silent/repressed population identified in our 

studies is truly capable of infecting other cells. Productive infection of HIV astrocytes shown in 

vitro may be driven by these active HIV LTR populations, while the latent/restricted populations 

could remain functionally altered yet non-infectious.  

While we expected astrocytes with active and silent/repressed viral promoters to be 

distinctly different, latent/restricted HIV+ astrocytes resembled active HIV+ astrocytes more than 
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cells without proviral incorporation (D116A). R/G-HIV-1 infection significantly impaired cell 

proliferation capacity of human astrocytes, regardless of promoter activity. Viral proteins, 

especially Vpr, are known to induce cell-cycle arrest during G2 phase (125, 126). Complementing 

these studies, our transcriptome analyses demonstrated downregulation of key transcription factors 

that regulate S/G2 phases of cell cycle, such as CDK1, Cyclin A & B and E2F, during R/G-HIV-

1 infection. Further, Gi Le et al., determined that triggering events for G2 phase arrest occurred in 

the S phase of the cell cycle in response to HIV-1 Vpr overexpression (127).  In addition, typical 

antiviral responses and neuroinflammatory pathways such as interferon signaling, death receptor 

signaling, and activation of pattern recognition receptors were upregulated in both transcriptome 

profiles. This corroborates previous gene expression studies using several different approaches, 

treatment with whole HIV-1,  gp120, or productive infection using VSVG pseudotyped HIV-1 in 

astrocytes (114, 128) and ex vivo brain tissues (111, 112). Upregulation of approximately 15 

interferon signaling genes by HIV-1 indicates induction of type-1 antiviral response, similar to 

those observed during typical viral infections. However, the active viral promoter in HIV+ 

astrocytes and subsequent enhanced transcription of the viral genome lead to induction of more 

robust and unique gene expression changes. 

Upregulated pathways such as iNOS signaling and the role of RIG-1 like receptors in 

antiviral innate immunity were unique to actively infected astrocytes. RIG-1, a pattern recognition 

receptor (PRR) and part of the innate immune system, elicits antiviral responses upon recognition 

of non-self RNA, viral genomes or viral transcripts (129). Upregulation of this pathway only in 

yellow (R+/G+) cells is a clear indication of active viral genome transcription. Previous studies 

have shown the dysregulation of iNOS expression during HIV-1 infection contributing to 

neurological damage. Human astrocytes were a major source of iNOS/NO following coculture 
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with HIV-1-infected-monocyte derived macrophages (MDM) (130). Further, astrocyte-derived 

NO also exerted an antiviral response by inhibiting viral replication in infected MDM (130). 

Treatment with recombinant Tat protein or transfection with Tat encoding plasmid induced 

expression of iNOS and production of NO in human astrocytes (131). While NO is a known 

modulator of neuronal firing and excitability, excess NO could be detrimental. In our study 

actively infected astrocytes were a significant source of viral proteins and use of LRAs 

significantly increased their expression. The coupling of viral transcript expression and detection 

by RIG-1 may contribute to iNOS upregulation in actively infected astrocytes and contribute to 

astrocyte-associated neuronal dysfunction in HIV. 

In contrast certain canonical pathways such as endocannabinoid neuronal synapse 

pathway, nucleotide excision repair (NER) pathway, and ataxia telangiectasia protein (ATM) 

pathway selectively downregulated in astrocytes harboring an active viral promoter. Esposito et 

al. have shown evidence for the regulation of endocannabinoid pathway by HIV-1 Tat. In their 

study treatment of C6 cells (rat glioma cells) with recombinant Tat significantly reduced the 

expression of CB1 receptors at transcriptional level. At the same time, cannabinoid agonists were 

shown to reduce Tat-induced iNOS production in these cells in a concentration dependent manner 

(132). In this study, higher Tat levels in actively HIV+ astrocytes could have suppressed the 

endocannabinoid pathway. Therefore, one could propose that cannabinoids could also protect 

neurons from HIV-1 Tat induced damage by inhibiting iNOS protein expression and NO 

overproduction. DNA damage response (DDR) pathways, such as ATM and NER, are typically 

upregulated during HIV-1 infection; however, selected studies have shown the inverse effect. In a 

study by Piekna-Przybylska et al., two latently infected Jurkat-derived cell lines, CA5 and EF7, 

had impaired DNA damage responses and increased susceptibility to DNA damaging agents (133). 
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HIV-1 Tat downregulates expression of DNA-dependent protein kinases (DNA-PKs), which are 

important in repairing double strand DNA breaks (DSBs) and maintaining telomeres (134). 

Although DDR pathways were not downregulated in latent/restricted HIV+ astrocytes, actively 

infected astrocytes showed strong downregulation of both ATM and NER pathways, suggesting 

that they may also play a role in regulating astrocyte resilience during HIV infection. 

Endogenous antiviral mechanisms targeting reverse transcription were differentially 

regulated in active vs latent/restricted HIV+ astrocyte populations.  Direct analysis of our 

transcriptome data indicated a 5.6-fold decrease in apolipoprotein B editing complex 3 

(APOBEC3) in actively infected astrocytes. APOBEC3 family proteins exert their antiviral 

response by inhibiting viral reverse transcription as well as cytidine deamination of viral cDNA. 

Inhibition of HIV-1 replication by APOBEC3G in CD4 T cells and neural cells has been previously 

reported (135, 136). HIV-1 viral protein Vif promotes viral replication by downregulating cell-

encoded APOBEC3 family proteins. Similarly, in our dataset, only actively infected astrocytes 

downregulated APOBEC3B, suggesting that ongoing viral expression may be mediating this 

response. Meanwhile, sterile alpha motif and HD domain-containing protein 1 (SAMHD1), a HIV-

1 restriction factor, was significantly increased in both active and latent HIV+ astrocytes, 

indicating regulation of SAMHD1 may be independent viral protein expression. SAMHD1 

depletes the intracellular deoxy nucleoside triphosphates (dNTPs) to impair reverse transcription 

of viral RNA (137, 138). SIV infection also increased SAMHD1 expression in rhesus adult 

primary astrocytes, and exogenous IFNb helped sustain these levels post infection (139). Our 

transcriptome data have shown significant upregulation of interferon signaling pathway in both 

populations of R/G-HIV-1-infected astrocytes. Strategies to upregulate APOBEC3 family proteins 
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and SAMHD1 during CNS HIV-1 infection along with conventional therapies may prevent further 

spread of newly produced virus and reduce neurotoxicity. 

Several gene expression studies have tried to identify HIV-1 associated markers of glial 

cells or glial changes that are associated with development of HAND. At the onset of our studies, 

we too were in search of a plasma membrane biomarker capable of differentiating between active 

and latently infected astrocytes. The sole selective biomarker for latent HIV+ astrocytes was 

PLVAP, which is typically expressed on endothelial cells and regulates the permeability of the 

BBB (140). It has not previously been directly implicated in HIV in the CNS.  Many of the other 

biomarkers were directly linked to interferon and viral defense responses. Antigen presentation via 

MHC-1 is often upregulated during viral infections. Other studies have suggested strong 

upregulation of the HLA-C specific allele during HIV-1 infection (141), which serves as an 

inhibitory signal to natural killer cells, while also promoting recognition by cytotoxic T cells.  

Upregulation of ICAM1 in astrocytes in response to HIV Tat, has been suggested to play a 

significant role in trafficking inflammatory cells into the CNS (142). However, none of these 

upregulated transcripts were specific to astrocytes or the brain, and in such, are unlikely to serve 

as targetable biomarkers of HIV-1-infected astrocytes.  

Comparison analysis suggested that there were great phenotypic similarities between the 

transcriptome data from pure in vitro red and yellow HIV+ astrocyte cultures and in vivo samples 

from multiple brain regions of HIV-1-infected individuals. Similar canonical pathways included, 

interferon signaling, neuroinflammatory signaling, role of pattern recognition receptors in 

recognition of bacteria and viruses, IL-1 signaling, iNOS signaling, type1 diabetes mellitus 

signaling, and retinoic acid-mediated apoptosis signaling. The comparisons were made based on 

the altered canonical pathways and upstream regulators. Upregulation of upstream regulators or 
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transcription factors such as STAT-1/2, NF-kB and IFN-g in astrocytes significantly drives the 

expression of inflammatory cytokines and chemokines. Particularly NF-kB transduction and 

transcription factor system is a central regulator of inflammation in numerous cell types. 

While astrocytes are restrictively infected during CNS HIV-1 infection, HIV-1 

predominantly replicates in microglia and macrophages. These infected macrophages and 

microglia are the major source of cytokines such as IL-1b, TNF-a and IFN-g. Apart from the 

intrinsic upregulation of NF-kB transcription during HIV-1 infection, macrophage derived 

inflammatory cytokines both IL-1b and TNF-a are known to further activate NF-kB signaling and 

induce reactive astrogliosis phenotype in uninfected astrocytes (143, 144). Reactive astrocytes 

release a wide variety of inflammatory mediators such as cytokines and chemokines that are both 

neuroprotective (cytokines such as IL-1b and TGF-b) and neurotoxic (such as IL-1b, IL-8, CCL2 

and TNF-a) in nature (39). IL-1b is  also known to activate phosphoinositide 3-kinase 

(PI3K)/Akt/GSK-3b pathway in several cell types, such as hepatocytes, epithelial cells, airway 

and colonic smooth muscle cells (145, 146). Inhibitory serine-phosphorylation is the most frequent 

mechanism that regulates the activity of GSK3-b. Activated Akt, the product of PI3K pathway 

inactivates GSK3-b through phosphorylation, which leads to activation of canonical Wnt/b-

catenin signaling. Our studies also showed that HIV-associated inflammatory stimuli IL-1b and 

TNF-a significantly upregulated Wnt/b-catenin signaling and its downstream regulators in 

uninfected human astrocytes. This activation could be due to IL-1b and TNF-a-mediated 

phosphorylation of GSK3-b. 

Crosstalk between NF-kB signaling and canonical Wnt/b-catenin signaling during 

inflammation was extensively studied in periphery. A few examples include modulation of 
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inflammatory responses via interaction of Wnt/b-catenin signaling with NF-kB in murine 

hepatocytes (147), positive regulation of  NF-kB activity by b-catenin in human bronchial 

epithelial cells, during lipopolysaccharide (LPS)-induced activation of NF-kB and 

proinflammatory cytokines, including IL-6, CXCL8, IL-1b, TNF-a and CCL2 expression (148), 

and NF-kB promoter regulation by b-catenin in colorectal cancer cells (149). Wnt/b-catenin 

signaling regulates NF-kB-mediated inflammation both positively and negatively. For instance, 

inhibition of GSK3-b by lithium or siRNA, potentiated TNF-induced expression of IL-6 and CCL2 

in human microvascular endothelial cells (150). Whereas in our study inhibition of GSK3-b by 

BIO decreased levels of IL-1b-induced IL-6 expression and vice versa. IL-1b and TNF- activates 

PKC, which plays a primary role in the stimulation of IL-6 gene expression in human astrocytes 

(151). HIV-1 viral proteins such as gp120 treatment lead to IL-6 expression in human astrocytes, 

which is mediated by  NF-kB pathway (152). The major bacterial pathogen, LPS is also known to 

induce IL-6 expression by astrocytes in CNS (153).  

 IL-6 plays a key role in the CNS during health and disease. Under normal physiology, IL-

6 functions include induction of neurogenesis from neural stem cells (NScs), neuronal 

differentiation of PC12 cells (154, 155) as well as production of  neural growth factor neurotrophin 

from astrocytes (156). Meanwhile, CNS IL-6 is upregulated during injury, inflammation and 

infections such as meningitis and encephalitis. As a prototypic cytokine with role in inflammation, 

IL-6 was implicated in several neuroinflammatory diseases such as Alzheimer’s disease, multiple 

sclerosis, Parkinson’s and Huntington’s disease (157-159). Simultaneously IL-6 enhances 

neuronal damage by beta amyloid peptide in cultures of rat cortical neurons and also causes 

neuronal loss in developing cerebellar granular neuron cultures (160). Elevated levels of IL-6 was 

found in HAND patient’s CSF confirming its role in neuroinflammation during HIV-1 infection 
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(161). IL-6 was reported to increase HIV-1 replication in several cell types such as PBMC, MDM, 

and U1 latently infected cells derived from U937 cells (162, 163).This pro-inflammatory cytokine 

is known to induce B cell differentiation into immunoglobulin producing cells and also co-

activates various subsets of T cells. This could help in producing antibodies against HIV-1 in CNS. 

Based on literature it is evident that IL-6 has both neuroprotective as well as neurotoxic effects on 

CNS during various neurodegenerative diseases. Activation of Wnt/b-catenin signaling, 

specifically transcription factors LEF-1/4 are known restrictive factors of HIV-1 replication and 

transcription in astrocytes (164). Negative regulation of NF-kB-mediated IL-6 secretion by 

astrocytes during CNS HIV-1 infection might be another form of mitigating the HIV-1-associated 

neuroinflammation. 

Many effects of IL-6 in the CNS are caused not only by its cell surface receptors (IL-R) on 

the target cells but also by a complex of IL-6 and s/IL-6R (soluble-IL-6R) binding to the cell 

surface gp130 (s/gp130). So not only the mechanisms modulating IL-6 expression, the s/IL-R and 

s/gp130 would also be invaluable targets during disease state. Since, IL-6 is known to be both 

detrimental and beneficial, cure strategies involving manipulation of IL-6 should be proceeded 

with caution. 

5.2 Limitations and alternative plans: 

Despite being able to differentiate between active and restrictedly infected astrocytes by 

using R/G-HIV-1 reporter virus, the VSVG-mediated infection is a single round replication-

deficient infection due to D-env mutation. In addition, open reading frames of key neurotoxic 

proteins and virulence factors such as gp120, and Nef were defective in this reporter virus. 

Irrespective of lack of these viral factors, we showed significant changes in gene expression and 

functional profiles. However, it is important to study these outcomes under full disease relevance 
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with a reporter virus that expresses all viral proteins and regulatory factors intact. To overcome 

these limitations Barat et al. designed a replication-competent dual fluorescent reporter construct 

NL4.3 eGFP-Crimson, which encodes for all viral proteins. In their study, they also used a mutated 

form of the X4-tropic HIV-1 NDK env called m7NDK, that permitted the infection through CD4-

independent and CXCR4-dependent pathway (122). The infection resulted in astrocytes with 

sustained virus production over a period of time. However, the number of virus-infected cells was 

critically low. 

Even though gene expression patterns of both astrocyte populations were significantly 

changed due to the HIV-1 infection and difference in the viral promoter activity, our sequencing 

studies did not yield any astrocyte specific cell surface markers that would help to target HIV+ 

astrocytes without reactivating them. Future sequencing studies involving more reads as well as 

investigating the splice variants of the transcripts might help in finding astrocyte specific 

biomarkers of HIV-1 infection. Further, in our sequencing studies, mapping of HIV-1 transcripts 

to the reference R/G-HIV-1 genome resulted in a very little to no alignment of reads to the 3’ and 

5’ regions of the viral promoter. This indicates that neither R/G-HIV-1-infected astrocyte 

population is expressing full length RNA transcripts at detectable levels. Once again, this effect 

may be mediated by the R/G-HIV construct that lacks both Nef and env genes, known regulators 

of viral infection and neurotoxicity in astrocytes. In order to overcome these limitations in the 

model, infection of astrocytes with VSVG pseudotyped NL4.3 eGFP-Crimson reporter virus that 

encodes for all viral proteins would be ideal to obtain higher yields of HIV-1-infected astrocytes 

for functional and gene expression studies. Additionally, performing a 150 base paired-end 

sequencing would allow us to identify the spliced versus unspliced forms of the viral transcripts, 
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which will help us to determine whether the restrictive infection in human astrocytes is whether 

completely silent or not. 

Despite using VSVG coat and polybrene during spinoculation to improve transduction 

efficiencies, the yields of active and restrictively infected astrocytes were still limited. This greatly 

limited our choice of reactivating agents to classic HDACi vorinostat and neuroinflammatory 

cytokine IL-1b. Future reactivation studies with different classes of reactivating agents must be 

conducted to assess if any other mechanisms of cellular activation would reactivate restrictively 

infected astrocytes to achieve active phenotype. 

 

5.3 Summary and future directions: 

Taken together these studies demonstrated that the majority of R/G-HIV-1 infections of 

human fetal astrocytes resulted in latent infection, with silent/restricted viral promoters that were 

resistant to reactivation. However, a considerable percentage of astrocytes remained actively 

infected and were inducible by inflammatory (IL-1b) and pharmacological (vorinostat) 

reactivating agents. So, strategies such as “Shock and Kill” that reactivate latent reservoirs for 

clearance by cytotoxic immune cells will be challenging since astrocyte latent reservoirs were 

resilient to reactivation and actively infected cells were inducible leading to augmented production 

of neurotoxic viral proteins. This could exacerbate the neurocognitive impairment of PLWH. 

Surprisingly, gene expression profiles of the active and latent/restricted HIV+ astrocytes 

were similar; however, the range and magnitude of changes were larger in actively infected cells. 

Despite silent/restricted HIV LTR activity, latently infected astrocytes underwent significant 

changes in cellular gene expression altering their function by elevated neuroinflammatory cytokine 

expression and decreased cell proliferation rates. This suggests more recent strategies such as 
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“Block and Lock” that repress HIV-1 transcription to obtain a functional cure may pose a great 

challenge towards addressing astrocyte reservoirs.  

Simultaneously, our functional studies demonstrated that R/G-HIV-1-infected astrocytes 

were dysfunctional with loss of critical functions such as glutamate clearance which leads to 

excitotoxicity and neuronal death, as well loss of cell proliferative capabilities which is a key 

characteristic of astrogliosis during injury and inflammation. Further, HIV-1 infection of 

astrocytes promoted expression of several neuroinflammatory factors such as CXCL8, CCL2, IL-

6, CCL5 and ICAM1, which leads to recruitment and activation of other immune cells into the 

CNS. Considering their pivotal role in maintaining homeostasis and their abundancy in the CNS, 

HIV-1 infection of astrocytes whether an active or latent infection would be devastating to the 

CNS health and could clearly augment the pathogenesis of HAND. 

As mentioned earlier, the state of cellular activity and transcription factors during/prior to 

infection can play important roles in the establishment of productive vs non-productive infections. 

To understand why the majority of R/G-HIV-1 infection in astrocytes leads to silent/restricted 

infection, it is necessary to conduct experiments involving pre-stimulation of astrocytes with PMA 

or other HIV-relevant stimuli that are present during chronic neuroinflammation in CNS HIV-1 

infection. Assessing this phenomenon in astrocytes would further our knowledge of latency 

establishment mechanisms, and better replicate the in vivo milieu of the brains of PLWH. 

Future investigations should examine several critical mechanisms that are likely to 

influence outcomes in understanding HIV-mediated pathogenesis of harboring proviral genome as 

well as the transcriptional status of the virus. First, confirmation studies of our in vitro findings in 

vivo is necessary. Since they are not susceptible to HIV-1 infection, there is a great lack in HIV-1 

rodent models to study HAND pathogenesis. The simian (S)IV infection model in non-human 
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primates comes with the caveats of rapid progression to AIDS, severity of CNS inflammation due 

to augmented immune response, and related but distinct viruses. Brain autopsy samples of 

individuals known to suffer from HAND are a great alternative to carry ex vivo studies. Our IPA 

analysis demonstrated several phenotypic similarities in transcriptome profiles between R/G-

HIV+ astrocytes and whole brain tissue samples from individuals suffering from HAND. 

However, in these studies, RNA was isolated from whole brain rather than astrocytes alone. 

Alternatively, astrocytes could be cultured from postmortem tissues and used for sequencing 

studies to isolate changes in their specific transcriptomes. 

Even though the majority of infection in astrocytes resulted in restrictive infection, a 

considerable amount of the viral promoters were active. This enhanced transcription of the viral 

genome lead to the induction of more robust and unique gene expression changes such as 

upregulation of iNOS signaling and downregulation of endocannabinoid pathway. Our data 

corroborate previous studies that showed similar effects by overexpressing Tat in primary 

astrocytes or cell lines (132). Future confirmation studies examining these outcomes in Tat 

transgenic mice are warranted. 

Active viral transcription significantly decreased glutamate clearance ability of astrocytes. 

However, we did not observe any changes in the RNA levels of EAAT2 in our RNA-sequencing 

studies. EAAT2 undergoes several post-translational modifications such as proteasomal 

degradation and SUMOylation. Increased expression of astrocyte elevated gene-1 (AEG-1) is also 

negatively correlated to EAAT2 surface expression in glioma, and HIV-1 Tat is known to 

upregulate AEG-1 expression in astrocytes via phospho-inositol-3-kinase (PI3K) signaling (165). 

Our studies indicate higher levels of Tat expression in actively infected astrocytes. In such, 

evaluating different posttranslational modifications and AEG-1-mediated regulation of astrocyte 
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EAAT2 surface expression during active viral infection will help us in further enhancing our 

understanding of viral protein-mediated neurotoxicity. 

Our studies indicate endogenous antiviral protein APOBEC3B that target reverse 

transcription and integration of viral genome was differentially regulated in active vs 

latent/restricted HIV+ astrocyte populations.  APOBEC3B levels in actively infected astrocytes 

were significantly lower than restrictively infected.  This could be due to Vif-mediated 

proteasomal degradation of APOBEC3B in actively infected cells. Intervention with small 

molecules that potentially block the viral protein Vif may result in sustained levels of APOBEC3 

family members thereby inhibiting viral replication.  

Our studies demonstrated that astrocyte proviral reservoirs, whether active or latent, will 

enhance HAND pathogenesis and they stand out as an unconventional body of proviral reservoirs. 

Together understanding these mechanisms that contribute to HAND pathogenesis will help in 

developing therapeutic strategies. These strategies could either inhibit viral protein-mediated 

toxicity or improve astrocyte function thereby potentially reducing the burden of HAND in PLWH. 

However, either “Shock and Kill” or “Block and Lock” strategies to address astrocyte HIV-1 

reservoirs may be rendered useless or lead to detrimental CNS outcomes in PLWH. Thus, there is 

a great need to investigate therapeutic avenues, such as CRISPR/Cas9, to excise the HIV-1 genome 

in an effort to restore astrocyte function and alleviate HIV-associated neurocognitive impairment 

without reactivating these reservoirs. 
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