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ABSTRACT 

HIV-associated CNS dysfunction is a significant problem among people with HIV 

(PWH), who now live longer due to viral suppression from combined anti-retroviral 

therapy (cART). Over the course of infection, HIV generates toxic viral proteins and 

induces inflammatory cytokines that have toxic effects on neurons in the CNS. Among 

these viral proteins, HIV Nef has been found in neurons of postmortem brain specimens 

from PWH. However, the source of Nef and its impact on neuronal cell homeostasis are 

still elusive. Using a simian immunodeficiency virus (SIV) infected rhesus macaque model 

of neuroHIV, we find SIV Nef reactivity in the frontal cortex, hippocampus and cerebellum 

of SIV-infected animals using immunohistochemistry (IHC). Interestingly, SIV-infected 

macaques treated with ART also showed frequent Nef positive cells in the cerebellum and 

hippocampus. Using dual quantitative RNAscope and IHC, we observed that some cells 

were positive for Nef, but were not for SIV RNA, suggesting that Nef protein was not 

limited to the cells that are actively infected with SIV. Using cell specific markers, we 

observed Nef protein in microglia/macrophages and astrocytes. Importantly, we also 

identified a number of NeuN-positive neurons, which are not permissive to SIV infection, 

but contained Nef protein. Further characterization of Nef-positive neurons showed 

caspase 3 activation, indicating late stage apoptosis in the CNS neurons. Moreover, we 

show that Nef is expressed in postmortem brain specimens from PWH. Interestingly, 

extracellular vesicles released from HIV infected astrocytes carry Nef. Further studies of 

the possible impact of these Nef-EVs on neurons in primary culture models revealed that 

Nef-carrying EVs were readily taken up by neurons, a significant amount of Nef was 

enriched in mitochondrial fractions, induced oxidative stress, increased ROS and 
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dysregulated neuronal homeostasis. Overall, our study highlights the role of HIV secretory 

protein Nef in HIV CNS disease seen in PWH.   
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CHAPTER 1  

EMERGING ROLE OF NEF IN THE DEVELOPMENT OF HIV ASSOCIATED 

NEUROLOGICAL DISORDERS 

Human immunodeficiency virus (HIV) infection and its associated neurological 

consequences remain a consistent public health concern. Recent reports suggest an 

additional 1.7 million people were infected with the virus in 2018, bringing the total 

number of people with HIV (PWH) to 37.9 million worldwide (UN 1). Despite improved 

patient outcomes due to enhanced diagnostic testing and targeted therapies, there remains 

no effective vaccine for HIV, or a permanent cure for PWH (2). Moreover, HIV continues 

to be a leading cause of morbidity across the globe (World Health 3). However, the 

implementation of combined anti-retroviral therapy (cART) has transformed this once fatal 

disease into a chronic, manageable condition (4, 5). Following its introduction in the mid-

1990s, cART has substantially increased the life expectancy of the HIV population, which 

is now approaching that of the general population (6, 7).  

Human Immunodeficiency Virus-Associated Neurological Disorders Since the 

Introduction of cART 

Although current treatments can control HIV infection, infected individuals 

maintain increased risks for numerous chronic comorbidities, including HIV-associated 

Neurological Disorder (HAND) (8). Amongst HIV infected individuals, HAND is  

estimated to afflict up to half of patients, even if cognitive deficits are not self-reported or 

if viral loads are suppressed to undetectable levels (9, 10). Broadly, these detriments can 

reflect impairments in several cognitive domains, including executive functioning (e.g. 

impulsivity, problem solving), memory (e.g. immediate retrieval, working memory) and 
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attention (e.g. sustained attention, strategy shifting) (11). According to recently adopted 

criteria, HAND can further be delineated into asymptomatic neurocognitive impairment, 

mild neurocognitive disorder or dementia, depending on the severity of impairment and 

subsequent impact on daily functioning (12). Thus, it is such neurocognitive impairments 

that remain a persistent challenge amongst PWH, even those who adhere to therapeutic 

regimens and maintain long term viral suppression.  

In the cART era, the prevelance and clinical presentaiton of HAND has shifted. 

Specifically, findings from the comprehensive CHARTER (The CNS HIV Antiretroviral 

Therapy Effects Research) cohort indicated an 80% reduction in the most severe forms of 

cognitive impairment since cART implementation, although milder cognitive deficits were 

found to persist at comparable rates. While only 2% of virally suppressed individuals are 

estimated to display severe deficits (i.e. compared to 10-15% pre-CART), more than half 

(52%) maintain detectable cognitive impairments upon neuropsychological assessment 

(13). Subsequent reports disputed these findings and suggested the rates of HAND might 

be substantially lower, in part due to inconsistent testing criteria (14, 15). Despite active 

debate surrounding the prevalence of HAND, it is evident HIV infected individuals in the 

cART era can maintain significantly greater risk for the development and progression of 

neurocognitive deficits compared to the general population (16, 17).  Furthermore, such 

likelihoods remain elevated even if alternative neuropsychological criteria used to assess 

PWH  (18, 19).  

Host and Viral Factors Contributing to Development of HAND 

Several key variables render PWH at increased risk for HAND, including 

advancing age, drug use and co-infections (Table 1). Aging is particularly relevant in the 
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cART era, where decreased mortality rates and increased life expectancies have resulted in 

approximately half of PWH reaching at least 50 years of age (20). In turn, this cohort is 

consistently found to be at a significantly greater risk for developing HAND (21-24). 

Notably, this age-associated risk for HAND could be due to long term adherence to 

antiretroviral treatment itself; for instance, cART induces metabolic changes (e.g. central 

obesity, dyslipidemia, and insulin resistance), which are themselves considered risk factors 

for dementia (25-28). In addition, illicit drug use, including methamphetamine and cocaine, 

is known to be significantly higher amongst PWH who develop HAND, compared to those 

who do not use illegal substances (29, 30). However, it remains unclear if this association 

is mediated by pre-existing substance use disorders, which themselves can result in cART 

interruption and increase risk for HAND (31, 32). Along with aging and drugs of abuse, 

several studies have also shown that PWH coinfected with other viruses or bacteria have 

increased risks for developing cognitive impairments (33-36).  
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Yarandi, S. et al. J Neuroimmune Pharmacol. 2020 Oct 29. doi: 10.1007/s11481-020-09964-1 (37) 

Table 1. Factors contributing to the pathogenesis of HIV associated neurological disorders. 

 
Although HAND’s prevalence has shifted and risk factors have been identified, the 

continued growth of the HIV population and ensuing development of neurological 

impairments has increased focus on the neurobiological underpinnings of HAND. For 

instance, the implementation of a varieity of neurimaging techniques (e.g. functional 

magnetic resonance imaging (fMRI), positron emission tomography (PET)) has elucidated 

structural and functional alterations in specific brain regions (e.g. frontal cortex, 

hippocampus) that are associated with HAND (38, 39). However, evidence has also begun 

to eluciate the molecular mechanisms that might contribute to neuronal dysfunction 

underlying HAND, including the aberrant consequences of HIV viral proteins. 

HIV Viral Proteins in The Development of HAND 

Although HIV-1 was initially thought to target peripheral immune cells (T-

lymphocytes, monocytes/macrophages, dendritic cells), subsequent findings illustrated  

Table1. Factors contributing the pathogenesis of HIV associated neurological disorders 

Host Factors Age • Decreased mortality rates and increased life expectancies
• Vulnerable to neuronal injury associated with HIV infection

Neuroinflammation • Release of host chemokine and cytokine products and neurotoxin anti-viral products

HAART • Long term adherence to antiretroviral treatment and increased life expectancies

Substance Abuse • Narcotics, methamphetamine, and cocaine are associated with increase risk of HAND

Co-morbid 
conditions 

• Increase risk of infection by other pathogens such as HCV

Metabolism • Central obesity, dyslipidemia, and insulin resistance

Viral Factors HIV-1 Genes and proteins 

Tat • Compromises a variety of homeostatic processes in the brain, including neuronal viability,
synapse formation and neuro-inflammatory profiles

GP120 • Induces the production of pro-inflammatory cytokines
• Increase in apoptosis in both neuronal cells, Induce ROS production, Disrupt ion regulation

and glutamate homeostasis

VPR • Impair the neural mitochondria, inhibiting axonal stability
• It can disrupt calcium regulation and induce pro-inflammatory cytokine expression in both

neuronal cells

NEF • Decrease metabolic activity and increase apoptosis
• Oxidative stress
• Up-regulation of IP-10
• Up-regulation of CCL2, chemoattractant for circulating monocytes
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CNS immune cells are also susceptible to infection (e.g. macrophages, microglia and 

astrocytes) (40-43). While the exact mechanisms of infiltration remain debated, the virus 

is thought to cross the blood-brain-barrier (BBB) within weeks of systemic infection 

through infiltrating monocytes or infected CD4+ T lymphocytes (44, 45). Once in the CNS, 

microglia and perivascular macrophages serve as persistent and latent viral reservoirs, 

provided that they are the only resident cells in brain parenchyma that have been shown to 

support productive HIV-1 infection (46-48). Conversely, while limited evidence suggests 

neurons and other non-neuronal cells (e.g. astrocytes) may also be infected, it remains 

unclear if such cell types can support constitutive viral replication (49).  

Several mechanisms are suggested to contribute to HIV-associated neuronal 

dysfunction. A chronically dysregualted neuroinflammatory profile may be a casual factor, 

provided that HIV elevates levels of various pro-inflammatory cytokines and chemokines 

in the CNS, including tumor necrosis factor alpha (TNFα), interleukin 1β, 6 and 8 (IL-1β, 

IL-6, IL-8) and interferon α (IFNα) (50, 51). Indeed, compared to uninfected controls and 

non-demented counterparts, HIV infected individuals suffering from cognitive dysfunction 

display significantly elevated levels of IFNα in cerebrospinal fluid CSF (52). Modified 

microglial functioning may also contribute to HAND; post-mortem analyses indicate 

microglia densities are positively correlated with the degree of cognitive dysfunction in 

PWH, while these cells also adopt distinct immune responses and may contribute to an 

observed disruption in glutamate synthesizing enzymes (53-56). Moreover, amongst 

virally suppressed individuals who remain cognitively sound, impaired executive 

performance is nonetheless associated with greater microglia activation across  
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multiple cortical regions, whereas such an association is absent among uninfected controls 

(57). In addition, abnormal astrocytic functioning may contribute to neurological 

dysfunction in HIV, given that the percentage of astrocytes harboring the virus is known 

to significantly correlate with increasing severity of cognitive deficits (58). Consistent with 

the adverse effects of infected microglia, infected astrocytes can compromise BBB 

integrity by altering gap junctions, and disrupt glutamate homeostasis via attenuated 

expression of amino acid transporters (59).  

While some evidence indicates HIV-associated neurocognitive impairments are 

caused by an altered neuroimmune profile or aberrant glial functioning, others suggest the 

adverse effects of specific viral proteins may ultimately contribute to HAND (60, 61). The 

HIV genome is itself composed of nine genes that encode fifteen viral proteins (62).  Gag, 

pol, and env code for structural proteins (MA, CA, NC), enzymes (Pro, RT, IN, RNase H), 

and envelope proteins (gp120, gp41), while the remaining genes code for regulatory (Tat, 

Rev) and accessory proteins (Vif, Vpr, Vpu, and Nef). In addition to viral replication, these 

proteins maintain a plethora of roles, including the regulation of host-cell gene expression, 

metabolic modifications, and alterations in intracellular signaling cascades (62-64).  

As suggested by initial investigations of Gp120, the neurobiological mechanisms 

underlying HAND may be due the adverse consequences of HIV viral proteins (65).  For 

instance, Gp120 induces the production of proinflammatory cytokines, such as IL-1b, 

TNFa, and IL6, that subsequently elevates rates of apoptosis in both neuronal and non-

neuronal cells (66-68). Interestingly, such deteriorated neuronal variability could be 

inhibited by the application of anti-oxidant enzymes, suggesting Gp120’s induction of ROS  
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might also contribute to compromised neuronal functioning in HAND (69, 70). Gp120 has 

also been shown to disrupt ion regulation and glutamate homeostasis amongst neurons and 

glia, which can subsequently contribute to contextual memory impairments in vivo (71-

73).  

Along with Gp120, the HIV-1 viral protein R (Vpr) may also contribute to neuronal 

dysfunction underlying HAND. Indeed, Vpr is neurotoxic across a variety of primary cell 

models, including human hippocampal neurons as well as rat cortical and striatal neurons 

(74-77).  Such compromised viability could be due to direct consequences in neuron’s 

themselves, given that Vpr can impair the functional capacitates of neural mitochondria 

while also inhibiting axonal stability (78, 79). Conversely, the consequences of this viral 

protein may be equally aversive across all CNS cell types; for instance, it can disrupt 

calcium regulation and induce pro-inflammatory cytokine expression in both neuronal and 

non-neuronal cells alike (80-82). Moreover, in vivo expression of Vpr in the rodent brain 

can result in significantly decreased performance across long-term, spatial memory tasks 

as well as short-term, working memory tasks (83). 

Along with Gp120 and Vpr, the Trans-activator of transcription (Tat) may play a 

role in facilitating HAND, especially given its persistent detection in the CNS despite viral 

suppression (84). Indeed, Tat compromises a variety of homeostatic processes in the brain, 

including neuronal viability, synapse formation and neuroinflammatory profiles (85-87). 

In particular, recent in vitro evidence demonstrates Tat’s capacity to not only induce and 

enhance aberrant protein aggregation, but also its ability to do so in concert with 

pathologically relevant polypeptides, such as Amyloid b (Ab) (88-90). Moreover, a  

substantial body of evidence from preclinical models has illustrated both the exogenous 
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application or endogenous expression of Tat in the CNS results numerous cognitive 

impairments across a variety of behavioral paradigms (91-97). Together, these data further 

suggest the abnormal persistence of HIV viral proteins in the CNS may contribute to 

neuronal dysfunction underlying HAND.  

In addition to the previously characterized proteins, limited yet accumulating data 

also suggest a prominent role for the Nef protein in facilitating HIV-associated 

neurological deficits. Therefore, its association with the development of neurological 

impairments in HIV, as well as its potential pathogenic mechanisms in the CNS, warrant 

due consideration.  

HIV Nef 

The Negative Factor (Nef) protein is a multifunctional, 27–34-kDa polypeptide that 

has historically been understudied in the context of HAND  (98, 99). Its gene is located at 

the 3’-end of HIV-1, HIV-2, and SIV, partially overlapping the 3’ long terminal repeat 

(LTR) (100). A combination of X-ray crystallography and nuclear magnetic resonance has 

characterized this viral protein’s three-dimensional structure (101, 102). Specifically, it is 

composed of a folded core (residues 55–65 and 84–203), with flexible N-terminal (residues 

1–54) and C-terminal (residues 204–206) domains, as well as a central flexible loop 

(residues149–179) within the folded core (103). In addition, its myristoylated N-terminus 

allows for its association with the cytosolic face of cellular membranes and is required for 
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Nef’s cellular interactions (104, 105). Such structural features may account for Nef’s 

abundant interactions of with host cell proteins (Figure 1). 

 

As its name implies, Nef was initially considered an inhibitor of viral genome 

transcription, but studies have since shown that Nef is essential for the maintenance of high 

viral loads, and promotes disease progression (106-108). For example, HIV-1 particles 

produced in the presence of Nef are ten times more infectious than particles produced in 

its absence (109, 110). Conversely, HIV strains that lack a functional Nef protein result in 

delayed disease progression; here, strains with deletions in the Nef gene, due to truncated 

3’-LTRs, result in normal CD4 counts and lower viral loads up 14 years post-infection, 

even in the absence of cART treatment (111, 112) 

In addition to its roles in HIV pathogenesis, evidence also indicates a potential role 

for Nef in the HAND development. This postulation was spurred by initial post-mortem 

analyses of brain tissue from PWH; while only half of all PWH maintained detectable Nef-

Yarandi, S. et al. J Neuroimmune Pharmacol. 2020 Oct 29. doi: 10.1007/s11481-020-09964-1 

Figure 1. Structural motifs of HIV-1 Nef. Conserved structural domains of HIV-1 Nef and their interacting 
proteins are depicted. Nef modification: N-myristolation site (MGxxx) and HIV-1 protease cleavage site 
(CAWLEA). Signaling motifs: Proline rich motif (PxxP), RR and DDPxxE. Internalization and trafficking motifs: 
EEEE, FPD, EE, ExxxLL, and DD 



 

 10 
 

positive cells, this rate increased to ~85% amongst those individuals who met behavioral 

criteria for dementia (113). Along with altered concentrations of Nef within the CNS, HIV 

individuals displaying cognitive deficits maintain specific structural subtypes of Nef, 

compared to patients who remain cognitively stable. Following structural bioinformatics, 

computational modeling and proteomic analyses, findings suggest the Nef protein in the 

brains of individuals suffering from HAND maintain distinct structural alignments that 

potentially alter its conformational transitions and subsequent binding potentials (114). 

Moreover, the Nef structural signatures associated with HAND, including modifications to 

SRC homology 3 (SH3), apetela 2 (AP-2) and cytokine bindings domains, were found to 

be specific to the CNS, further suggesting a role for Nef in contributing to HIV associated 

neurological dysfunction (115).  

Nef may promote HAND through a number of complimentary mechanisms in the 

brain. Amongst neuronal and non-neuronal cell types, exposure to the Nef protein results 

in significantly decreased metabolic activity and increased rates of cell death (116). In vivo 

expression of Nef not only recapitulates such neuronal loss, but impairs locomotor activity 

and triggers a robust neuroinflammatory response, including an upregulation of interferon-

gamma-induced protein (IP-10); furthermore, such increased expression of IP-10 has also 

been detected in the brains of HIV individuals suffering from severe cognitive deficits 

(117). Along with neuronal loss, Nef may contribute to cognitive impairments by inducing 

the recruitment of peripheral immune cells into the CNS (118). Specifically, transplantation 

of Nef-expressing glia into the rat brain results in increased recruitment of peripheral 

macrophages, as well as neuronal apoptosis and a neuroinflammatory profile; in turn, these 

animals maintain significantly decreased performance on a variety of cognitive measures, 
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including spatial and non-spatial memory tasks (119, 120). Such Nef-induced recruitment 

of peripheral immune cells and ensuing behavioral impairments may in part be due to Nef’s 

capacity to increase expression of CCL2 in the brain, a chemoattractant for circulating 

monocytes (121, 122). Along with these mechanisms, emerging data suggest Nef may 

facilitate neurological complications through two other pathogenic processes, cellular 

autophagy and extracellular vesicles. 

Nef and Autophagy 

Autophagy is a dynamic, self-digestive process that captures, isolates and degrades 

intracellular materials, such as damaged organelles (e.g. mitochondria), intracellular 

microbes and potentially toxic protein aggregates, in order to maintain a homeostatic 

cytoplasmic environment and ensure efficient protein quality control (PQC) (123). This 

pathway is characterized by the formation of autophagosomes that sequester damaged 

cytoplasmic substrates, and ensuing fusion with lysosomes that leads to the degradation of 

targeted materials (124, 125). Although it can serve as an innate self-defense mechanism 

to control viral spread, particularly follow initial infection, abnormal cellular autophagy is 

often correlated of HIV pathogenesis (126-128).  

Investigations have demonstrated such dysregulated autophagy may be caused by 

HIV-1 proteins themselves. For instance, following exposure to recombinant Tat, primary 

rodent hippocampal neurons display dose and time dependent decreases in levels of LC3, 

a protein, which is otherwise responsible for initiating autophagosome formation; 

furthermore, such Tat-induced variation in autophagy is accompanied by elevated 

neurodegeneration in vivo, particularly in the CA3 region of the hippocampus (129, 130). 

Similarly, disrupted autophagic mechanisms are found in response to Gp120, while data 
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from primary neuronal culture and transgenic models suggest this viral protein’s effects on 

autophagy may be due to the modulation of mTOR-dependent signaling cascades (131, 

132).  

Similar to other HIV-1 viral proteins, Nef can significantly disrupt cellular 

autophagy (133). Here, Nef’s binding to Beclin-1 (BECN1) and ensuing inhibition of 

autophagosome formation silences autophagy to levels that are equivalent to uninfected 

cells  (134). The sequestration of BECN1 and inhibition of autophagy due to Nef has been 

replicated in a variety of cell lines and primary cultures, while recent evidence also 

indicates this effect could be due to Nef’s indirect yet further blockade of BECN1 by 

enhancing its binding to Bcl2, as well as Nef’s capacity to prevent LC3 lipidation (135). In 

turn, Nef-dependent inhibition of autophagy can significantly increase cellular 

susceptibility to apoptosis (136).  

The variation in autophagy within the CNS due to Nef may play a crucial role in 

HAND development, although further investigations employing neuronal cell models are 

necessary to validate this postulation. One study examined these claims directly utilizing 

primary human astrocytes expressing the Nef protein following adenoviral transduction.  

As indicated by the accumulation of ATG8 and p62, Nef emulated the autophagic blockade 

induced by bafilomycin treatment. Along with morphological alterations indicative of 

apoptosis, co-transduction with the tandem LC3 vector illustrated Nef inhibited 

autophagosome fusion with lysosomes (137). 

Nef and Extracellular Vesicles 

Extracellular vesicles (EVs), are membranous compartments that enable the direct 

exchange of materials between cells, including nucleic acids, lipids and proteins (138). 
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These vesicles comprise a heterogeneous population of membrane vesicles including 

microvesicles and exosomes with size variation between 50nm and 500nm (139). These  

compartments originate from the invagination of endosomal membranes that bud inwardly 

as intra-luminal vesicles (ILVs) during the biogenesis of multivesicular bodies (MVBs); in 

turn, MVBs can be then fuse with lysosomes and be degraded, or fuse with the plasma 

membrane and release their ILVs as  exosomes (140).  By endocytosis or fusion with the 

plasma membrane, exosomes subsequently release their content into recipient cells (141).  

Although they can transfer materials that enhance or maintain physiological 

homeostasis, a growing body of evidence suggests exosomes may facilitate pathogenic 

processes by transferring deleterious materials (e.g. viral proteins, aggregated proteins, 

miRNAs, cytokines etc.) (142-144). Indeed, numerous viral proteins can be detected in 

excreted exosomes from PWH, including Nef, Vpr, Gag, Pol and Tat (145). As indicated 

by Gp120 containing exosomes, such inclusion of viral proteins can double the rate of 

infection in naive tissue (144). Likewise, exosomes from a variety of cell types (primary 

mouse astrocytes, CD4+ T cells, 293T, U373) can incorporate Tat; in turn, exposure to 

such Tat-containing exosomes impairs neural cell viability and blunts neurite elongation 

(146, 147). Thus, Nef-containing exosomes may also induce similar dysregulations in the 

CNS and contribute to neuronal dysfunction underlying HAND.  

Focus on Nef-containing exosomes was initiated due to reports of extracellular Nef 

and Nef-containing microvesicles in the circulation of PWH, as well evidence that such 

soluble protein species reliably induce apoptosis in target cells (148-150). Subsequent 

investigations confirmed Nef’s unique myristoylated N-terminus enables its incorporation 

into exosomes to a degree that exceeds other viral proteins (i.e. Tat) (151). Moreover, Nef-
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containing exosomes are found across various cell models (Jurkat, SupT1, TZM-bl, 

HeLaCIITA, Primary T-Cells) and remain functional following fusion with target  

cells, where they are capable of transactivating HIV LTRs and reducing viability by up to 

70% (151, 152). Interestingly, recent in vitro and in vivo data suggest the Nef released by 

exosomes into recipient cells may impair functioning by augmenting pro-inflammatory 

signaling (i.e. TNFa, IL-6) as well as compromising a cell’s lipidome (i.e. lipid raft 

rearrangements, altered cholesterol efflux) (153). Furthermore, inclusion of biologically 

functional Nef into exosomes appears to be a conserved processes, as it has been 

demonstrated in both non-human primate models as well as primary human astrocytes 

(154, 155).  

Several investigations employing neural systems indicate the adverse effects of 

Nef-containing exosomes are maintained in the CNS. Neural cell lines exposed to plasma 

derived Nef-exosomes from patients with HAD display several abnormalities, including 

enhanced APP expression as well as elevated production and secretion of toxic amyloid 

beta (e.g. Ab1-42); furthermore, compared to exosomes from cognitively sound individuals, 

exposure to exosomes from individuals diagnosed with HAND similarly induces increased 

levels of toxic Ab (156). Provided their capacity to serve as latent viral reservoirs, it is 

notable that Nef transfected microglial derived Nef-exosomes may be particularly potent, 

as these vesicles can significantly increase BBB permeability and potentiate pro-

inflammatory signaling in surrounding CNS macrophages (157). In addition, Nef-

containing extracellular vesicles secreted by Nef transduced primary human astrocytes 

induce elevated oxidative stress following reuptake by proximal primary neurons (158). 
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Moreover, such Nef-exosomes can also impair functional efficiencies in neurons, as 

indicated by blunted action potential frequency and decreased spiking activity (158).  

Although its functions within the CNS require further elucidation, we propose a 

mechanistic model by which Nef may contribute to underlying neuronal dysfunction in 

HAND (Figure 2). Specifically, we highlight Nef’s capacity to inhibit autophagy across 

multiple cell types, which impairs the degradation of autophagosomes that contains 

damaged organelles and viral proteins, such as Nef itself. In addition, Nef is readily 

incorporated into, and translocated by, extracellular vesicles, which can subsequently 

release functional Nef protein in adjacent neurons. Moreover, given that autophagosomes 

can fuse with MVBs (i.e. amphisomes) and release their content as extracellular vesicles, 

it is possible that Nef induced autophagy dysregulation may potentiate the effects of Nef-

containing extracellular vesicles and vice versa (158). Along with its other aberrant 

consequences (i.e. metabolic alterations, neuroinflammatory modulation, recruitment of 

peripheral immune cells etc.), Nef’s impairment of autophagy and inclusion into 

extracellular vesicles may lead to its uptake by neurons and ultimately compromise 

neuronal functioning and contribute to cognitive impairments amongst HIV infected 

individuals.  
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Figure 2. Potential molecular crosstalk between autophagy and endosome biogenesis leading to 
Nef release from HIV infected glial cells. Several models were put forth to explain how cell-associated 
virus can be responsible for HIV infection of the brain. Infected T-lymphocytes and monocyte-derived 
macrophages can migrate into the brain from the peripheral circulation and seed the virus in the brain. 
While perivascular macrophages and microglia are considered as the viral reservoirs supporting the 
productive viral infection in the brain, HIV establishes infection in astrocytes by abortive infection leading 
to viral replication and release of viral proteins such as Nef. Limited yet accumulating data suggest a 
prominent role for the Nef release from infected cells through two pathogenic processes, cellular 
autophagy and extracellular vesicles biogenesis and potentially by utilizing an establishing crosstalk 
between these two pathways. Within the HIV infected cells, Nef blocks autophagy by inhibiting the fusion 
of autophagosome with lysosomes. Autophagosomes may fuse with multivesicular bodies (MVBs) to 
produce organelles termed amphisomes, which can subsequently either fuse with lysosomes for content 
degradation or fuse the plasma membrane and secrete their content in the extracellular matrix. Released 
Nef exosomes can be picked up by the neurons leading to neuronal toxicity and impairment. 
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Hypothesis and Specific Aims 

Despite the widespread use of antiretroviral therapy that limits viral replication, the 

spectrum of HAND remains a common comorbidity. Complex interplay between the host 

and HIV-1 viral factors, including viral proteins and cytokines induces toxicity in neurons. 

HIV-1 Nef is a small accessory protein expressed in astrocytes and microglia of HIV-1-

infected brains and has a role in the pathogenesis of HAND. There is limited understanding 

of the role of Nef in HIV-associated neuropathology and its impact on glial and neuronal 

pathways. Nef can be released from primary human astrocytes in extracellular vesicles and 

taken up by neurons leading to neurotoxicity. Therefore, we hypothesize extracellular 

vesicles play a major role in HIV-1 Nef release from glial cells leading to Nef uptake by 

neurons that may contribute to development of neurocognitive diseases in PWH. We 

propose to examine our hypothesis through the following aims: i) Investigate and 

characterize Nef expression in brain of PWH and SIV-infected macaques, ii) Investigate 

the role of exosomes in Nef release from astrocytes and microglia and iii) Investigate the 

functional impact of Nef-exosomes on neurons and determine the molecular mechanism of 

Nef-mediated neurotoxicity. 

Through the completion of these studies, we will determine and reveal the role of 

HIV-1 infected glial cells in delivery and uptake of Nef by neurons leading to 

neurotoxicity. The outcome of this project may suggest and help in design of novel 

strategies for the development of therapeutic interventions for the prevention and the 

treatment of HIV-HAND.  
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CHAPTER 2 

CHARACTERIZATION OF NEF EXPRESSION IN DIFFERENT BRAIN 

REGIONS OF SIV-INFECTED MACAQUES 

Introduction 

Human immunodeficiency virus (HIV) infection has transitioned from a rapidly-

progressing, fatal disease to a chronic infection with the intervention of combined 

antiretroviral therapy (ART) (4, 159). ART successfully suppresses virus in the plasma and 

effectively increases the life expectancy of people with HIV (PWH) (160, 161). Despite 

successful therapy, ART has limited penetrance in certain organs, such as the brain, 

leading to the formation of viral reservoirs and development of chronic 

neuroinflammation and neurological disorders (8). In the pre-ART era, HIV-associated 

neurocognitive disorders were severe, since the onset of ART more mild forms 

predominate (5). Despite suppression of viral replication, persistent neuroinflammation 

continues to perturb CNS homeostasis (162). Although many studies have investigated 

HIV-associated neurological dysfunction, the molecular pathways where HIV viral 

proteins contribute to neurological impairment over the course of HIV infection are 

understudied. 

The accessory Negative Regulatory Factor (Nef) gene is encoded by HIV-1, HIV-

2 and the simian immunodeficiency virus (SIV) genomes (163). HIV Nef is a 27-35 kDa 

protein expressed in the early stages of the viral life cycle and is the first viral protein 

produced in HIV-infected cells (163, 164). Nef was initially considered an inhibitor of viral 

genome transcription (165), but studies have since shown that the Nef gene is crucial for 

maintenance of a robust, high viral production and is implicated in promoting disease 

progression (166). Nef also increases the infectivity of HIV virions, as HIV-1 particles 
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produced in the presence of Nef can be up to ten times more infectious than in the absence 

of Nef gene (167).  Exposure of human glial cells and neurons to HIV Nef demonstrated a 

neurotoxic effect to CNS resident cells (116), likely through an indirect effect of IP-10 or 

quinolinic acid (117). HIV Nef deletion or mutation can diminish the neurotropism of HIV 

suggesting that Nef protein may play a role in viral seeding into the CNS (108). 

Furthermore, rodent studies revealed that HIV Nef induces neurocognitive impairments in 

rats (119, 120). Brain autopsy samples of PWH revealed that Nef was found in both 

macrophages and astrocytes. Ranki et al. showed in six out of seven specimens from PWH 

who had moderate to severe cognitive impairment the presence of Nef-positive astrocytes 

(113). Interestingly, Nef is found in frontal lobe neurons of PWH with HIV associated 

dementia (168). More interestingly, Nef expression in astrocytes associated with 

neuroinflammation causing neuronal damage and inducing spatial and recognition memory 

deficits (108, 120, 169, 170).  

The role of HIV Nef in the perturbation of neurological impairment is not fully 

understood. Even in the presence of ART, neurocognitive deficits, including impairments 

in attention, memory processing and retrieval, are present in PWH. Here, we utilized a 

well-established SIV infection rhesus macaque model to further study and characterize Nef 

expression in the brain. Our results suggest that regardless of ART status, Nef is expressed 

in the brain of SIV infected macaques. In addition, by combining the state of the art 

RNAscope with IHC, we showed that Nef detection was not limited to the cells actively 

replicating the virus. Moreover, cell type specific staining revealed that in addition to 

astrocytes and Iba-1 positive microglia and macrophages, Nef was also present in neurons 
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and its presence was associated with apoptosis. Altogether, our results suggest that Nef 

may be a formidable contributor of neurological impairment seen in PWH.  

Material and Methods 

Animals Used in The Study and Ethical Statement 

Twelve male, Indian rhesus macaques (Macaca mulatta) were used in this study 

(Table 1). Three rhesus macaques (C01-C03, SIV-) served as uninfected controls. Nine 

animals (A01-A09, SIV+) were injected intravenously with SIVmac251 viral swarm (5ng 

p27; Tulane National Primate Research Center’s (TNPRC) Viral Core). A subcutaneously 

a dose of 5mg/kg of anti-CD8 antibody was administered at 6 days post-infection (dpi) and 

5mg/kg of the antibody intravenously at 8 and 12 dpi (Nonhuman Primate Reagent 

Resource) for CD8 depletion. The SIV-infected (SIV+) animals were sacrificed according 

to humane endpoints consistent with the recommendations of the American Veterinary 

Medical Association (AVMA) Guidelines for the Euthanasia of Animals. The development 

of simian AIDS was determined post-mortem by the presence of Pneumocysti carinii-

associated interstitial pneumonia, Mycobacterium avium-associated granulomatous 

enteritis, hepatitis, lymphadenitis, and/ or adenovirus infection of surface enterocytes in 

both small and large intestines. SIV associated encephalitis (SIVE) was defined by the 

presence of multinucleated giant cells, accumulation of macrophages in the CNS, and 

productive viral infection (171). Three animals (A10-A12, SIV+ART) also received a 

triple ART regimen: Raltegravir (22 mg/kg oral twice daily, Merck), Tenofovir (30 mg/kg 

subcutaneous once daily, Gilead), and Emtricitabine (10 mg/kg subcutaneous once daily, 

Gilead) at 21 dpi until the timed sacrificed at 118–120 dpi. Animals were anesthetized with 

ketamine-HCL and euthanized by intravenous pentobarbital overdose. Animals used in the 
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study were housed at the TNPRC. All animals used in this study were handled in strict 

accordance with American Association for Accreditation of Laboratory Animal Care with 

the approval of the Institutional Animal Care and Use Committee of Tulane University. 

Monkeys were housed in pairs to promote the psychological well-being of nonhuman 

primates. Enrichment included manipulable items in cage (durable and destructible 

objects), perches or swings, various food supplements (fruit, vegetables, primate treats), 

foraging or task-oriented feeding methods and human interaction with caretakers and 

research staff as dictated by The United States Animal Welfare Act. Enrichment devices 

are rotated on a weekly basis and include toys, mirrors, radios, TV/VCRs, foraging boards, 

and a variety of complex foraging devices. Animals were fed a normal monkey 

chow. Animal care staff monitored the health and well-being of the animals on a daily basis 

with physical examinations performed weekly. All possible measures were taken to 

minimize discomfort of the animals. Anesthesia and analgesics were used and administered 

under the direction of a licensed veterinarian. All procedures were performed under 

ketamine or telazol anesthesia.  Analgesics such as buprenorphine and lidocaine were used 

preemptively and following each potentially painful procedure. All animals were 

euthanized according to humane endpoints consistent with the recommendations of the 

American Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of 

Animals.  Endpoint criteria for euthanasia included the following: weight loss >15% in 2 

weeks or >30% in 2 months, documented opportunistic infection, persistent anorexia >3 

days without explicable cause, severe, intractable diarrhea, progressive neurologic signs, 

significant cardiac and/or pulmonary signs or any other serious illness. 

Immunohistochemistry (IHC) 
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For histologic examination, frontal cortex, hippocampus and cerebellum regions of brains 

from uninfected animals (SIV-), SIV-infected animals with encephalitis, without receiving 

ART (SIVE), SIV-infected animals without encephalitis (SIV+), and SIV-infected animals 

treated with ART (SIV+ART+) were fixed in 10% formalin and embedded in paraffin. 

Paraffin-embedded tissues were cut in five-micron thick sections and analyzed for protein 

expression by IHC. Sections were deparaffinized in xylene and hydrated in 100%, 90%, 

and 75% of ethanol. Sections were heat-treated at 95°C for 20 min in an antigen unmasking 

solution (Vector, H-3300) for heat-induced antigen retrieval, cooled to room temperature, 

and washed in Phosphate-Buffered Saline (PBS) (Invitrogen). The sections were incubated 

for 5 minutes in Dual Endogenous enzyme block (Dako) and 30 minutes in Protein block 

(Dako). SIV-Nef primary antibody (1:1500), as detailed in table 2, was prepared in 

antibody diluent (Dako), and the sections were incubated for overnight at 4°C. Slides were 

washed three times with DPBS. Sections were incubated in polymer-based HRP-

conjugated anti-mouse Dako EnVision system and developed with 3,3′-

diaminobenzidine (DAB) chromogen. All paraffin-embedded sections were 

counterstained with Harris hematoxylin (Sigma). Controls included uninfected animals. 

Images were obtained with a Keyence, BZ-X710 microscope. Five images were taken 

per tissue per condition with 20x magnification and SIV-Nef staining was quantified 

using BZ-X analyzer software (Keyence). The average number per group was used for 

further statistical analysis.  

Quantitative RNAscope In Situ Hybridization 
 

SIV viral RNA was visualized using RNAscope on paraffin embedded tissues 

from hippocampus and cerebellum of SIVE, SIV+, and SIV+ART+ according to 
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manufacturer’s protocols, using the SIVmac239 probe and RNAscope 2.5 HD Red 

Chromogenic Assay (Advanced Cellular Diagnostics, Newark, CA, cat #322360). 

Uninfected animals served as a negative control. Double labeling for SIV RNAscope 

followed by IHC staining for Nef protein, as previously reported (172). Slides were 

stained for anti-SIV-Nef. Sections were incubated in Polymer-based HRP-conjugated 

anti-mouse Dako EnVision system and developed with DAB chromogen. Sections were 

counterstained with hematoxylin, dried at 60°C, and mounted. Images were obtained 

with Keyence, BZ-X700 microscope and analyzed for colocalization of SIV viral RNA 

and SIV Nef protein. Five images were taken per tissue with 20x magnification and SIV-

Nef staining was quantified using BZ-X analyzer software (Keyence). The average 

number per group was used for further statistical analysis.   

Opal Multiplex Immunohistochemistry 

Sections from hippocampus region of SIVE, SIV+, and SIV+ART+ macaques were 

deparaffinized and rehydrated through ethanol. Slides were treated for antigen unmasking 

using an AR6 buffer (Perkin Elmer) according to manufacturer’s guidelines (Microwave: 

45 seconds, 100% power; 15 min, 20% power). Slides were allowed to cool for 30 min at 

room temperature and washed with 1X PBS. Slides were incubated for 10 min in blocking 

reagent, rinsed with 1X PBS, and incubated with the primary antibodies for one hour, as 

detailed in Table 2.  

Slides were incubated with polymer HRP Ms + Rb for 10 min at room temperature. 

Opal dyes were diluted in amplification reagent (1:100) and slides were incubated in dyes 

for 10 minutes. Following development, slides were re-treated with AR6 buffer 

(Microwave: 45 seconds, 100% power; 15 min, 20% power) to strip slides of antibody 
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complexes and allow consecutive staining without concern for antibody isotypes. 

Detection for each marker was completed before application of the next antibody. Slides 

were counterstained with spectral DAPI (Perkin Elmer) for 5 min at room temperature and 

washed with 1XPBST buffer and water. Coverslip slides were mounted using ProLong® 

Diamond Antifade Mountant (Thermofisher). All reagents are from Perkin Elmer, Opal™ 

4-Color IHC Kit NEL810001KT. Images were obtained with Keyence, BZ-X710 

microscope. Five images were taken per tissue with 20x magnification and SIV-Nef 

staining was quantified using BZ-X analyzer software (Keyence). The average number 

per group was used for further statistical analysis.   

Statistical Analysis 

All statistics and graphical representations were done using GraphPad Prism 

version 8.0. Results are expressed as Mean +/- SEM. T-test was used in comparison of two 

unpaired groups. One-way ANOVA was used to compare three non-paired groups 

followed by a post-hoc Tukey HSD test.  P value < 0.05 was considered significant. 

Results 

Nef Is Expressed in the Brain Regions of SIV-Infected Macaques 

Tissue sections of frontal cortex, hippocampus and cerebellum from uninfected 

(SIV-, n=3), SIV-infected animals with encephalitis (SIVE, n=3), SIV-infected animals 

without encephalitis (SIV+ No ART, n=3), and SIV-infected animals treated with ART 

(SIV+ART+, n=3) were used to detect SIV Nef protein in vivo through IHC. Viral, drug, 

and zoological information of animals used in the study are provided in Table 2.  
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As expected, while SIV- (uninfected) tissues had no visible staining, SIV Nef  

staining was evident in the frontal cortex of animals with SIVE (Figure 3).  Interestingly, 

SIV Nef was very limited in cells from frontal cortex of SIV+ no ART and SIV+ART+ 

macaques (Figure 6 A-B). On the other hand, hippocampal areas of SIVE animals 

showed lesions with high density of Nef staining and SIV+ no ART animals showed 

individually Nef positive cells. Interestingly, hippocampal regions of SIV+ART+ 

animals also showed Nef+ cells (Figure 4, 6 A, C). Cerebellar regions of SIV+ no ART 

and SIV+ART+ showed Nef+ cells in the molecular and Purkinje cell layers (Figure 5, 

6A, D). Nef positive lesions were found in the molecular layer and white matter of 

folium of the cerebellum of SIVE+ macaques. The SIVE animals were utilized as 

controls for active viral replication. A representative image from each group of animals 

and quantification analysis are shown in Figure 6. For quantification purposes, and due 

to the current clinical presentation of HIV infection where encephalitis is rare, we did 

not include the lesions seen in SIVE in quantitative analysis and there was no significant 

difference between the number of Nef+ cells in SIV+ no ART and SIV+ ART+ in three 

Table 2. Viral, drug, and zoological information of animals used in the study 

Animal 
No. 

Infection 
Status 

CD8 
Depletion 

Survival 
(Days) 

Age 
(years) 

Term. Viral 
Load 

(Log10) 

Brain 
pathology 

C01 
C02 
C03 

SIV- 
SIV- 
SIV- 

N/A 
N/A 
N/A 

N/A 
N/A 
N/A 

3.28 
3.41 
2.27 

N/A 
N/A 
N/A 

N/A 
N/A 
N/A 

A01 
A02 
A03 
A04 
A05 
A06 

SIV+ 
SIV+ 
SIV+ 
SIV+ 
SIV+ 
SIV+ 

Depleted 
Depleted 
Depleted 
Depleted 
Depleted 
Depleted 

55 
89 
77 
174 
168 
106 

7.3 
10.4 
5.8 
10.8 
4.3 
4.5 

7.83 
7.71 
8.54 
7.28 
5.87 
7.69 

SIVE 
SIVE 
SIVE 

AIDS no E 
AIDS no E 
AIDS no E 

A07 
A08 
A09 

SIV+ART+ 
SIV+ART+ 
SIV+ART+ 

Depleted 
Depleted 
Depleted 

120 
118 
118 

6.2 
6.7 
6.1 

2.34 
2.66 
2.66 

Normal 
Normal 
Normal 

N/A = Not Applicable, SIV- = Uninfected, SIV+ = SIV Infected, ART+ = ART treated, Term. = 
Terminal, SIVE = SIV Encephalitis, AIDS no E = Non-encephalitic 

 
Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. (173) 
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different brain regions analyzed. These results suggest that SIV Nef is still expressed in 

the brain of SIV-infected animals despite ART and reduced plasma viral loads. 
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 3. Immunohistochemical staining to detect SIV Nef in prefrontal cortex section of uninfected 
and SIV-infected macaques. Paraffin embedded uninfected and SIV-infected macaques brain tissue 
sections from prefrontal cortex of SIV+ ART +, SIV+ and SIVE were serial sectioned and analyzed for 
routine histological analysis and stained for SIV Nef. Images were taken at 2, 10, 20 and 40X magnification 
with a Keyence BZ-X700 microscope. (n=3/ per group). 
 
 



 

 28 
 

  

Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 4. Immunohistochemical staining to detect SIV Nef in hippocampus region of uninfected 
and SIV-infected macaques. Paraffin embedded brain tissue sections from hippocampus regions of SIV+ 
ART +, SIV+ and SIVE were serial sectioned and analyzed by routine histological analysis and stained for 
SIV Nef. Images were taken at 2, 10, 20 and 40X magnification with a Keyence BZ-X700 microscope. N=3 
per group. 
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 5. Immunohistochemical staining to detect SIV Nef in cerebellum region of SIV-infected 
macaques. Paraffin embedded brain tissue sections from cerebellum regions of SIV+ ART +, SIV+ and 
SIVE were serial sectioned and analyzed for routine histological analysis and stained for SIV Nef. Images 
were taken at 2, 10, 20 and 40X magnification with a Keyence BZ-X700 microscope. N=3 per group. 
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 6. Summary of Immunohistochemical staining to detect SIV Nef in different brain sections 
of SIV-infected macaques. A. Representative images from paraffin embedded SIV-infected macaques 
brain tissue sections: frontal cortex, hippocampus and cerebellum in SIV+ ART +, SIV+ no ART and SIVE 
(no ART) were serial sectioned and stained for routine histological analysis and stained for SIV Nef. 
Representative images were taken at 20X magnification with a Keyence BZ-X700 microscope. B - D. Nef 
positive cells per mm2 of tissues from frontal cortex, hippocampus and cerebellum were quantified using 
BZ-X analyzer software (Keyence). (n=3/per group). Five images were taken per condition per tissue. 
The average number per group was used for further statistical analysis.  Comparison of means was 
determined by T-test.  SIV+ ART+:  SIV infected, receiving ART.  SIV+ no ART: SIV infected, untreated, 
and SIVE:  SIV infected with encephalitis. Scale bar represent 10 μM. 
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Cell Type-Specific Nef Expression in the Hippocampus 

SIV Nef protein co-localization with cell type specific markers was achieved 

through a Multiplexing immunofluorescent approach. Hippocampal regions of SIVE, 

SIV+ no ART, and SIV+ART+ animal cohorts were co-stained for GFAP, Iba-1 and SIV 

Nef (Figure 7 and 8). Interestingly, hippocampal sections of SIV+ART+ animals showed 

SIV Nef+ cells that were negative for both GFAP and Iba-1 (Figure 8A, denoted by 

white arrows). The percent of Nef+GFAP+ cells was significantly different among SIVE 

(~8%), SIV+ no ART (~1.5%), and SIV+ ART + (~0.5%) animals (Figure 8B). Post-

hoc analysis showed significantly less Nef+ GFAP+ cells in SIV+ no ART animals 

compared to SIVE and in SIV+ART+ compared to SIVE animals (P= 0.0084 and 

0.0042). There was no significant difference between SIV+ no ART and SIV+ ART+ 

animals for Nef expression in GFAP+ cells. SIV Nef and Iba-1 co-expression was also 

quantified (Figure 8C, denoted by yellow arrow). The percent Nef+Iba1+ cells was 

significantly different between SIVE (~19%), SIV+ no ART (~5%) and SIV+ART+ 

animals (~1%) (Figure 8C). Post-hoc analysis showed significantly less Nef+ Iba1+ cells 

in SIVE+ animals compared to SIV+ no ART and SIV+ART+ animals (P= 0.0006 and 

0.0002). There was no significant difference between SIV+ no ART and SIV+ ART + 

animals for Nef expression in Iba-1 cells. 
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 7. Cell type-specific Nef expression in hippocampus sections from SIV infected macaques. 
Paraffin embedded uninfected macaques brain prefrontal cortex and SIV-infected macaques brain 
hippocampus regions were serial sectioned and stained for cells specific biomarkers GFAP (red), IBA-1 
(pink) and Nef (green) using 4 color opal multiplex immunohistochemical assay staining (Perkin Elmer). 
Images were taken at 20X magnification with a Keyence BZ-X700 microscope (n=3/ per group). 
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 8. Quantification Analysis and representative images for cell type-specific Nef 
expression in hippocampus sections from SIV infected macaques.  A. Paraffin embedded SIV-
infected macaques brain hippocampus region were serial sectioned and stained for cells specific 
biomarkers GFAP (red), IBA-1 (pink) and Nef (green) using 4 color opal multiplex 
immunohistochemical assay staining (Perkin Elmer). Representative images were taken at 20X 
magnification with a Keyence BZ-X700 microscope (n=3/ per group). B -C. Quantification of number 
of Nef+ cells within GFAP + cells (B) and Iba-1+ cells (C) per mm 2. Five images were taken per 
condition per tissue with 20x magnification. The average number per group was used for further 
statistical analysis.  Comparison of means was determined by one-way ANOVA, followed by post-
hoc Tukey HSD test **P<0.05, ***P<0.001. White Arrows: Nef+/GFAP-/ IBA-1- cells. Yellow arrows: 
Nef+/ IBA+ cells. Grey arrow with tail: NEF+/GFAP+ cells. Scale bar represent 10 μM. 
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Nef Expression is Not Limited to The SIV RNA Positive (Productively Infected) Cells In 

Hippocampus And Cerebellum Of SIV-Infected Animals 
 

In order to investigate if SIV Nef expression was limited to the SIV-infected cells, dual 

RNAscope and immunohistochemistry was performed to detect SIV viral RNA and SIV 

Nef protein in cerebellar and hippocampal regions of SIVE, SIV+ no ART, and 

SIV+ART+ groups. Interestingly, a population of SIV RNA- and Nef+ cells were 

observed in the hippocampus and cerebellum of SIVE and SIV+ no ART (Figure 9-11, 

orange arrows). Quantification analysis of Nef+ SIV RNA- cells in hippocampus and 

cerebellum (Figure 11C, E) and RNA+ cells in hippocampus and cerebellum (Figure 

11B, D) were also performed. Interestingly, while RNAscope revealed a significant 

decrease in SIV RNA expression in SIV+ART+ animals compared to SIV+ no ART, 

SIV RNA- Nef+ cells were undistinguishable.  
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 9. Nef + SIV RNA- cells are detected in hippocampus regions of SIV-infected macaques. 
SIV RNA was visualized with RNAscope (Red) and Nef protein (Brown) markers by 
immunohistochemistry in the prefrontal cortex of uninfected animals and hippocampus of SIV-infected 
animals: SIV+ ART+, SIV+ no ART, and SIVE. Images were taken at 10, 20 and 40X magnification with 
a Keyence BZ-X700 microscope. (n=3/per group). 
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 10.  Nef + SIV RNA- cells are detected in cerebellum regions of SIV-infected animals. 
SIV RNA was visualized with RNAscope (Red) and Nef protein (Brown) markers by 
immunohistochemistry in the cerebellum of SIV-infected animals: SIV+ ART+, SIV+ no ART, and 
SIVE. Images were taken at 10, 20 and 40X magnification with a Keyence BZ-X700 microscope. 
(n=3/per group) 
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 11. Quantification Analysis and representative images of Nef + SIV RNA- cells that are 
detected in different brain regions of SIV-infected animals.  A. SIV RNA was visualized with 
RNAscope (Red) and Nef protein (Brown) markers by immunohistochemistry in the hippocampus and 
cerebellum of SIV-infected animals: SIV+ ART+, SIV+ no ART, and SIVE. Representative images 
were taken at 20X magnification with a Keyence BZ-X700 microscope. Five images were taken per 
condition per tissue and the average number per group was used for analysis. (n=3/per group). B 
and D. Quantification analysis of SIV RNA+ cells in hippocampus and cerebellum region per mm2. C 
and E. Quantification analysis of number of Nef+/RNA- cells in the hippocampus and cerebellum 
region per mm2 using BZ-X analyzer software (Keyence). Yellow arrow: SIV RNA + and orange arrow: 
SIV RNA - and Nef+ cells. Scale bar represent 10 μM. 
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In order to further analyze if SIV RNA- Nef+ cells were neuronal phenotype, we also 

performed co-immunostaining of Nef protein with neuronal marker Neu-N. 

Hippocampal tissue sections were co-stained with SIV Nef and Neu-N, to determine 

possible overlap of Nef with neurons (Figure 12 and 13A). The observed colocalization 

of NeuN and Nef was evident in the perinuclear area in SIV+ART+, SIV+ no ART, and 

SIVE animals, suggesting the presence of Nef protein in neurons which are known to be 

not susceptible for SIV infection. Quantification of Nef+ and Neu-N+ cells suggested 

that co-expression of both proteins was about 1%, 0.8% and 0.4% in SIVE, SIV+ no 

ART and SIV+ART+ respectively (Figure 13B). Interestingly, while there was no 

significant difference between SIVE and SIV+ no ART, Nef+ neurons were significantly 

higher in SIV+ no ART group compared to the SIV+ ART+ animals and in SIVE group 

compared to SIV+ ART+ animals (P < 0.002).  
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 12. Detection of Nef in neurons from hippocampus of SIV- infected macaques. Pre-frontal 
cortex and hippocampus regions from paraffin embedded uninfected animals and SIV-infected macaques 
brain samples, respectively, were serial sectioned and stained for Neu-N (pink) and Nef (green) using opal 
multiplex immunohistochemical assay staining. Images were taken at 20X magnification with a Keyence 
BZ-X700 microscope. (n=3/ per group).  
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 13. Quantification analysis and representative images for detection of Nef in neurons 
from hippocampus of SIV- infected macaques A. Hippocampus regions from paraffin embedded 
SIV-infected macaques brain samples were serial sectioned and stained for Neu-N (pink) and Nef 
(green) using opal multiplex immunohistochemical assay staining. Representative images were taken 
at 20X magnification with a Keyence BZ-X700 microscope. (n=3/ per group). B. Quantification analysis 
of number of Nef+ within NeuN + cells in hippocampus region per mm2, five images were taken per 
condition per tissue and the average number per group was used (n=3). Comparisons of means for 
significance was determined with T-test.  Scale bar represent 10 μM. (P < 0.002) 
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Neuronal Nef is Associated with Cleaved Caspase-3 Induction in Hippocampus Of SIV-
Infected Animals 

 
In order to characterize neuro-apoptosis with SIV infection in the brain and 

possible neuronal Nef association with neurotoxicity, we utilized the multiplex 

immunofluorescence to stain for Neu-N, cleaved caspase 3 and Nef protein (Figure 14, 

15). Interestingly, hippocampal regions of SIVE, SIV+ no ART and SIV+ ART+ 

animals showed Nef+ lesions and Nef+ NeuN+ neurons that colocalized with cleaved 

caspase 3. The total number of cells that were positive for cleaved caspase 3 were 

determined per mm2. The percent of cleaved caspase 3 positive cells was significantly 

higher in SIV+ no ART (~12%) than SIV+ART+ (~2%) (P= 0.0001) (Figure 15B). 

Further quantification suggested that there was a significant difference in percent of 

cleaved caspase 3 within NeuN+ and Nef- cells between SIV+ no ART (~4%) and 

SIV+ART+ (~0.5%) (P <0.0001) (Figure 15C). The percentage of cleaved caspase 3 

within Nef+ cells were also quantified. Approximately 6% and 1% of Nef + cells were 

positive for cleaved caspase 3 in SIV+ no ART and SIV+ ART+, respectively (P= 

0.0002) (Figure 15D). Percentage of cleaved caspase 3 within Nef+ and NeuN+ cells 

were analyzed and approximately 7.6% and 1% of NeuN+ and Nef+ cells were also 

positive for cleaved caspase 3 in SIV+ no ART and SIV+ ART+ respectively (P< 

0.0001) (Figure 15E). Further quantification analysis showed that 4% and 1% of cells 

were cleaved caspase 3+ and Nef – in SIV+ no ART and SIV+ ART+ groups (P<0.0001) 

(Figure 15F). Lesions seen in SIVE animals were not considered in quantification 

analysis due to the extensive neuronal loss at lesion sites. While neurons are not directly 

infected with the virus, they appear to acquire Nef protein and show proteolytic 

activation of late phase caspase 3 and induction of apoptosis. 
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 14. Multiplex analyses of Nef and cleaved caspase-3 expression in neurons. Pre-frontal 
cortex (uninfected) and hippocampus regions from paraffin embedded SIV-infected macaques brain 
samples were serial sectioned and stained for cell specific biomarker NeuN (pink), Cleaved caspase 
3 (Red) and Nef (green) using 4 color opal multiplex immunohistochemical assay staining. (Perkin 
Elmer).  Images were taken at 20X magnification with a Keyence BZ-X700 microscope. (n= 3 per 
group). 
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Yarandi, S. et al. PLoS One. 2020 Nov 2;15(11):e0241667. doi: 10.1371/journal.pone.0241667. 
Figure 15.  Quantification analysis and representative images for multiplex analyses of Nef 
and cleaved caspase-3 expression in neurons. A. Hippocampus regions from SIV-infected 
macaques brain samples were serial sectioned and stained for cells specific biomarkers NeuN (pink), 
Cleaved caspase 3 (Red) and Nef (green) using 4 color opal multiplex immunohistochemical assay 
staining. (Perkin Elmer). Representative images were taken at 20X magnification with a Keyence BZ-
X700 microscope. (n= 3 per group). B. Quantification analysis of number of cleaved caspase 3 positive 
cells per mm2. C. Quantification analysis of number of cleaved caspase 3 within NeuN+ and Nef- 
cells per mm2. D. Quantification analysis of number of % of cleaved caspase 3+ cells within Nef+ 
cells in the hippocampus region. E. Quantification analysis of number of cleaved caspase 3+ cells 
within Nef + and NeuN + cells in the hippocampus region. F. Quantification analysis of number of 
cleaved caspase 3+ cells within Nef - cells.  Comparison of means was determined by T-test ( 
***P<0.005, ****P<0.0001). Scale bar represent 10 μM. 
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Discussion 

HIV-1 was initially thought to target immune cells in the periphery including T 

lymphocytes, monocytes/macrophages, and dendritic cells.  Although the mechanisms of 

HIV infiltration into the brain remain debatable, several studies have illustrated that CNS 

cells such as perivascular macrophages, microglia, and astrocytes are also susceptible to 

infection (40-43). Microglia and perivascular macrophages serve as persistence and latent 

viral reservoirs, supporting productive HIV-1 infection (40-43). Neurons are not infected 

with HIV, however, the virus targets neurons through viral proteins, such as Tat, Gp120, 

and Vpr. Effects of HIV-1 Tat and Gp120 expression in the brain have been extensively 

studied (67, 69, 174). HIV Tat disrupts BBB integrity and alters neuronal intrinsic 

excitability, affects calcium dysregulation, causes astrocytosis, and leads to the subsequent 

death of neurons (175). Several studies have shown that exposure of neurons to Gp120 

causes neuronal apoptosis, increases inflammatory cytokines, increases oxidative stress, 

and disrupts the BBB (176). Both Tat and Gp120 appear to be well characterized causing 

serious neurotoxic consequences in HIV-1 infected brains (67, 175-177). Despite Gp120 

and Tat and other viral proteins, little is known about the characteristics and potential 

impact of HIV-1 Nef in the development of HIV-associated neurological disorders. 

Accumulating evidence suggest that Nef is an important contributor to the development of 

HIV-associated neurological disorders. It can cause significant decrease in metabolic 

activities and increase cell death rates (116). In vivo expression of Nef leads to neuronal 

loss and neuroinflammatory response, including upregulation of IP-10. Interestingly, 

increased expression of IP-10 has been detected in the brains of PWH with severe cognitive 

deficits (117). Also, Nef induces the recruitment of peripheral immune cells such as 
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macrophages into the CNS resulting in an increase in neuronal apoptosis and a 

neuroinflammatory profile (119, 120). In our work, we have elucidated the expression of 

Nef protein in different brain regions of SIV-infected animals and correlated cell-type-

specific Nef expression with neurotoxicity. The results of our study demonstrate that Nef 

is expressed in different brain regions; frontal cortex, hippocampus, and cerebellum. To 

our knowledge, this is the first in vivo study demonstrating Nef expression and 

characterizing different cell types expressing Nef in the brain of SIV-infected macaques. 

Furthermore, the data presented here demonstrate that neurons within the hippocampus are 

positive for Nef in macaques on ART indicating that despite ART therapy, Nef might be 

still present in the different cell types, including neurons in the brain. Our RNAscope 

analyses further revealed that within the hippocampus and cerebellum there are cells that 

are actively infected with SIV as evidenced by the detection of viral RNA in these regions 

and cells in the proximity of infected cells that are positive for Nef protein in which SIV 

RNA was not detected. These data suggest that Nef protein is most likely transported from 

the infected cells to the uninfected neuronal cells. One inherent limitation of this study is 

the sample size being small (n=3 per group). Relatively small number of animals used in 

this study is due to the limited availability of large-scale primate tissues and its focus on 

the presence of HIV-1 Nef in different cell types in different brain regions of animals with 

different disease stages. In addition, our IHC studies with Iba-1 marker suggested that a 

significant number of Iba-1+ cells are also positive for Nef.  Due to the shared lineage of 

microglia and macrophage/monocytes, Iba-1 only represents the overall myeloid cells and 

does not necessarily suggest the myeloid cell types. Whether Nef is preferentially 
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expressed in certain myeloid cells at different stage of the HIV CNS disease remains to be 

elucidated.   

Several in vivo studies suggest that Nef protein can be transferred from infected to 

uninfected cells and is considered as circulating viral factor, contributing to HIV 

pathogenesis.  Using CD4.Nef.GFP transgenic mice and chimeric SIV infected macaques, 

Wang et al., showed that intracellular Nef is transferred from T cells to the endothelium 

(178). Further studies show that Nef protein is present in extracellular vesicles (EVs) 

isolated from SIV-infected macaques and is able to transfer Nef into other recipient cells 

(154). Furthermore, Fujii et al. demonstrated that Nef is present in the sera from 27 out of 

32 PWH (154). Several other independent groups have also detected HIV-Nef protein in 

EVs isolated from the plasma of PWH (151, 156, 179, 180). Other studies demonstrated 

that intracellular Nef is detected in peripheral blood mononuclear cells (PBMCs) in PWH 

with and without antiretroviral therapy (178) and is detected in uninfected B cells of 

lymphoid follicles of infected individuals (181).  

Accumulating evidence suggests that Nef-associated EVs from Nef expressing 

donor cells have damaging effects on recipient cells (153, 154, 156, 157, 182, 183). We 

also recently reported that Nef is released from infected astrocytes in association with EVs 

that are taken up by primary neurons(158). These Nef carrying EVs suppressed functional 

neuronal action potential as it was assessed by multi-electrode array studies and caused 

neurotoxicity. Here, in line with the previous studies, our data suggest that the presence of 

Nef in neurons is associated with induction of cleaved caspase 3, indicative of late 

apoptosis and neurotoxicity.  
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HIV infection in the brain manifests itself at different levels in neuronal activities 

leading to a wide spectrum of neurological disorders ranging from mild cognitive 

deficiencies to motor functions and behavior abnormalities. PWH receiving ART have 

reduced risk of neurocognitive impairment but still are at a greater incidence of 

neurological impairments compared to the uninfected population (184). Overall in this 

study, we characterized Nef expression in different brain regions of SIV-infected 

macaques. Interestingly, our data suggest that Nef is expressed in the hippocampus and 

cerebellum of SIV-infected animals despite treatment with ART. We further shed light on 

the different cell types positive for Nef protein including neurons that are undergoing 

apoptosis in ART-treated animals. Expression and secretion of viral proteins are 

proportional to viral load (185) but are not necessarily eliminated by ART, as illustrated 

with Nef expression and its association with apoptosis.  Overall, our study highlights the 

possible role of HIV secretory proteins including Nef in HIV CNS disease seen in PWH.   
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CHAPTER 3 

ISOLATION AND CHARACTERIZATION OF EXTRACELLULAR VESICLES 

RELEASED FROM NEF EXPRESSING CELLS 

Introduction 

Cellular communications have been well established as evident by in vitro and in 

vivo studies illustrating that cell-type-specific proteins are found in other cell types (186, 

187). These observations were studied in greater depth, leading to the discovery of many 

mechanisms by which proteins traffic between cells. These mechanisms include 

trogocytosis, an active protein transport mechanism with tight contacts between cells (188), 

and formation of nanotubes that extend between neighboring cells as 50-200 nm long F 

actin containing protrusions from the plasma membrane of one cell to other cells (189). 

Another mechanism in which proteins and other biological material are transferred between 

cells is the exosomal protein transport (48). Exosomes are conserved intercellular 

communication strategies between cells in which they exchange materials such as nucleic 

acids, proteins, and lipids and are released from multivesicular bodies (MVBs) (190). More 

recently, exosomes in CNS have gained attention since these vesicles serve as one means 

of physiologic and pathologic cargo transfer between neurons and glial cells. 

Oligodendrocytes and astrocytes have been shown to release neuroprotective exosomes to 

support neuronal metabolism and homeostasis (191-194). In addition to neuroprotection, 

exosomes are also known to transfer pathological proteins between cells, enhancing 

neurodegenerative disorders as evident by the neuronal release of α-Syn-containing 

exosomes that are taken up by glial cells (195) and the spread of β-amyloid peptide and tau 

protein to the extracellular space (196-198). HIV Nef may also utilize multiple mechanisms 

to get transported from infected to the uninfected cells. Indeed, Nef was shown to be 
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transferred to the bystander T cells by trogocytosis (199). Interestingly,  Nef induces 

tunneling nanotubes (TNT) formation (199, 200), and can be transferred from infected 

macrophages to the B lymphocytes (201), macrophages to T cells (200),  Nef-expressing 

T cells to hepatocytic cells (202), and T cells and monocytes to human coronary arterial 

endothelial cells (178). Nef and its’ association with Extra cellular vesicles (EVs) have 

gain attention in more recent years; however, the characterization of Nef EVs requires more 

studies. Therefore, in this chapter, we focused on characterizing EVs isolated from Nef 

transduced and HIV-1 infected cells.  

Material and Methods 

Cell Culture 

Human primary astrocytes were isolated from fetal brain tissues (16-18 week 

gestation) obtained from elective abortion procedures, performed in compliance with 

ethical guidelines of the National Institutes of Health and Temple University. Cells were 

provided by the Comprehensive Neuro-AIDS Center (CNAC) tissue culture core at Temple 

University Lewis Katz School of Medicine. Primary human astrocytes (PHFAs) were 

maintained in astrocyte growth media (Dulbecco’s modified Eagle's medium (DMEM): 

F12 medium supplemented with 10% fetal bovine serum, 10% GlutaMAX, insulin and 

gentamicin (10 μg/ml)) at 37°C under 5% atmospheric CO2. The complete growth medium 

was changed every three days.  

Adenovirus Constructs 

Ad-Nef was constructed by cloning the HIV-1 Nef (SF2) gene from the pcDNA3.1-SF2-

Nef (NIH-AIDS reagent program, Germantown, MD, USA) into pDC515 (Ad-5) and 
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propagated in HEK293A cells and purified using Opti-Prep gradient. The empty shuttle 

plasmid, pDC515, was used to construct Ad-Null, as described by Barrero et al. (203).  

Viral Stocks 

The viral stock HIV-1 NL4-3-EFGP-p2A-Nef was constructed as described by 

Kaminski et al. (204). EGFP gene, P2A self-cleaving peptide and the HIV-1N-terminal 

was amplified by fusion PCR and cloned into the BamHI and XholI restriction sites of the 

HIV-1 proviral clone pNL4–3 (NIH AIDS Reagent Program, Division of AIDS, NIAID, 

NIH) (205). The HIV-1 NL4-3-EGFP-P2A-Nef reporter virus was prepared by transfecting 

HEK 293T cells with a pNL4-3-EGFP-P2A-Nef plasmid (University of Pittsburgh School 

of Medicine) processed like lentiviral stocks and viral titers were determined by GFP-

FACS in PHFA. 

 Transduction And In Vitro HIV Infection 

PHFA cells were seeded in 100 mm dishes with 106 cells per plate. Cells were 

transduced with Ad-Null and Ad-Nef, with a MOI of one. The cultured media and cells 

were harvested 72 hours post-transduction. Cells were lysed in RIPA buffer, supplemented 

with protease inhibitors, and the cultured media was processed for EV isolations. For in 

vitro HIV infection, PHFA were infected by incubation with pNL4-3-EGFP-P2A-Nef viral 

stocks (MOI of one) diluted in Opti-MEM medium for four hours, followed by the addition 

of growth medium and incubated overnight. Cells were washed three times with PBS and 

fresh growth medium was added. Cells and cultured media were collected 72 hours post-

infection and processed for protein extraction and extracellular vesicle isolation. Protein 

content was determined by the Bradford protein assay. 
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Preparation of PHFA Cell Lysates and SDS-PAGE/ Western Blotting 

PHFA lysates were prepared 72 h after adenovirus transduction or HIV-1 infection, 

using RIPA buffer supplemented with mammalian protease inhibitors. For SDS-

PAGE/western blot, 20 μg proteins per well were used. The Bradford protein quantification 

assay was used to measure protein concentration. Protein samples were denatured by 

heating at 95°C for 5 mins in SDS loading dye, separated on 12% SDS-PAGE. Gels were 

transferred to a 0.2 μm nitrocellulose membrane for 90 mins at 250 mA, in transfer buffer 

(100 mM Tris-HCl, pH 7.4, 150 mM NaCl, 20% methanol). Membranes were blocked in 

1x LI-COR blocking buffer for at least 1 h at room temperature (RT). The primary 

monoclonal antibodies, anti-HIV-1 Nef (sf2), anti-TSG 101, anti-HSP70 and anti-Alix, 

were diluted 1/1000 in buffer containing 1x LI-COR and incubated overnight at 4°C with 

gentle shaking. The following day, membranes were washed three times with 1x PBST 

buffer and incubated with secondary antibodies (LI-COR goat against rabbit 680 for 

polyclonal; LI-COR goat against mouse 800 for monoclonal) for 1 h at RT, followed by 

three washes (5 min each) with 1x PBST buffer. Membranes were scanned on the 

ODYSSEY Clx instrument. 

Purification of Extracellular Vesicles from PHFA 

The schematic illustration of EV isolations is depicted in figure 16. Cultured media 

were collected from un-transduced, Ad-Null and Ad-Nef transduced and uninfected, and 

HIV-1 infected PHFAs. EVs were purified from these supernatants utilizing either the 

ExoQuick method (System Biosciences, Palo Alto, CA) or differential centrifugation. For 

the ExoQuick method, 10 ml of supernatant was sequentially centrifuged at 300 g for 10 
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min, 2000 g for 10 min and 10,000 g for 30 min (Eppendorf North America, Hauppauge, 

NY, USA) at 4°C then treated with 2 ml ExoQuick reagent. The mixture was incubated  

 

 

overnight at 4°C. Precipitated EVs were recovered the following day by centrifugation at 

1500 g for 30 min at 4°C and resuspended in 1X PBS. For differential centrifugation, 20 

ml of supernatant was centrifuged at 300 g for 10 min, 2000 g for 10 min and 10,000 g for 

30 min (Eppendorf North America, Hauppauge, NY, USA), followed by 

ultracentrifugation. Supernatants were ultra-centrifuged at 100 000 g for 70 min at 4°C ( 

Figure 16. Schematic representation of Extracellular Vesicles isolation. 
Extracellular vesicles were isolated from cultured media, using two approaches: 
Ultracentrifugation and Exo-Quick TC 
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MLS 50 rotor, Beckman Coulter). The pellets were resuspended in 1x PBS buffer. Protein 

content of the EVs were determined by the Bradford protein assay. 

Transmission Electron Microscopy 

Transmission electron microscopy images were taken at Electron microscopy 

Facility Fox Chase Cancer Center at Temple University.  Samples were absorbed to 200 

mesh copper grids coated with formvar/carbon (Electron Microscopy Sciences, Hatfield, 

PA) and stained with 2% Uranyl acetate. Samples were visualized with an FEI Tecnai T12 

transmission electron microscope equipped with 2K x 2K Mega plus camera Model ES 4.0 

(Roper Scientific MASD, San Diego, CA). 

Nanoparticle Tracking Analysis Instrument (Zetaview) 

All samples were diluted in PBS to a final volume of 2 ml. The ideal measurement 

concentrations were set for 140 – 200 particles/frame. Three cycles were performed by 

scanning 11 cell positions and capturing 60 frames per position. The following settings and 

hardware were used: focus: autofocus; camera sensitivity for all samples: 92.0; shutter: 70; 

scattering intensity: 4.0; cell temperature: 25°C; embedded laser: 40 mW at 488 nm; and 

camera: CMOS. After capture, the videos were analyzed by ZetaView Software 

8.02.31(Cambridge, UK). 

Results 

Release of Nef from HIV-1 Infected Astrocytes in Association with Extracellular Vesicles 
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HIV-1 Nef is released in EVs isolated from primary human astrocytes expressing HIV Nef 

(158). To further investigate whether HIV-1 Nef is released in EVs from HIV-1 infected 

astrocytes, primary human fetal astrocytes (PHFA) were infected with HIV-1 NL4-3- GFP- 

P2A- Nef. Seventy-two hours post-infection, GFP expression in the cells shows that 

approximately 71% of astrocytes were infected with HIV-1 (Figure 17). Cell extracts and 

isolated EVs from uninfected and HIV-1 infected PHFA, characterized by western blot 

analysis (Figure 17B), showed high levels of HIV-1 Nef in HIV infected PHFA cell lysates 

and purified EVs, suggesting that Nef is associated with EVs. EV markers, such as HSP70, 

TSG 101, and CD9 were detected in purified EV lysates. 
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Figure 17. HIV-1 infected astrocytes release Nef carrying EVs. A) GFP expression in astrocytes 
infected with HIV-1 NL4-3- GFP- P2A- Nef. B) Cell extracts and isolated EVs from uninfected and HIV-1 
infected PHFA, characterized by western blot analysis.   
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Characterization of Nef EVs From Nef-Expressing Astrocytes 

The EV profiles of control cells and Nef-expressing cells were evaluated; 

specifically, detecting EV markers, size distributions, and confirmation of spherical 

morphology by Transmission Electron Microscopy (TEM). Nef is detected in cell and EV 

lysates isolated from Nef-expressing astrocytes (Figure 18A). High levels of HSP70 and 

Alix were detected in EV lysates. These EV markers were not detected in the cell lysates, 

potentially due to the high levels of these proteins in the EVs (Figure 18A). TEM analysis 

revealed that isolated EVs were within the expected size range and morphology (Figure 

18B), and no morphological differences between control and Nef EVs were observed. 

Microvesicles, which were smaller than exosomes, and a few aggregated-like structures 

were observed in the Nef EV samples (Figure 18B), which may explain the slight increase 

in the number distribution of Nef-EVs (Figure 18D). Particle size and number distribution 

of isolated EVs from control and Nef-transduced astrocytes were assessed by ZetaVeiw 

analysis (Figure 18C-E). A representative image of EV number and diameter distribution 

is shown in Figure 18C and suggest that there is no significant difference in concentration 

and size distribution of Nef EVs compared to control EVs (Figure 18 D and E). 
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Figure 18. Characterization of extracellular vesicles released from Nef expressing cells (A) Western 
blot analysis of PHFA lysates and extracellular vesicles (EVs) isolated from control and Nef-transducing 
astrocytes; (B) control and Nef samples visualized by transmission electron microscope (20500x 
magnification), single EVs with higher magnification (87000x) are shown in the right panel; (C) 
representative image of Zetaview analysis of Nef EVs; (D) number distribution of Nef EVs; and ( E) size 
distribution of isolated Nef EVs, shown as bar graphs (n=3) 
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Discussion 

Intercellular communication is considered as essential feature of organism that can 

happen through cell to cell direct contact, or transfer of material through secreted 

molecules. In the last two decades, a new mode of cellular communication has emerged 

suggesting transfer of material through extracellular vesicles. EVs are membranous 

compartments that enable the direct exchange of materials between cells, including nucleic 

acids, lipids and proteins (138). These vesicles comprise a heterogeneous population of 

membrane vesicles including microvesicles and exosomes with size variation between 

50nm and 500 nm (139). EVs originate from the invagination of endosomal membranes 

that bud inwardly as intra-luminal vesicles (ILVs) during the biogenesis of multivesicular 

bodies (MVBs); in turn, MVBs can be then fuse with lysosomes and be degraded, or fuse 

with the plasma membrane and release their ILVs as r exosomes (140).  By endocytosis or 

fusion with the plasma membrane, exosomes subsequently release their content into 

recipient cells (141).  Standardizing methods for EV isolation and analysis is remains a 

major challenge in the field (206). The most established method to isolate EVs is through 

ultracentrifigation of cells cultured medium. Here, we optimized the method for EV 

isolation from cells cultured media and further characterized the extracellular vesicles 

isolated from HIV-1 infected and Ad-Nef transduced human primary astrocytes, showing 

that Nef is released from Nef transduced and HIV infected astrocytes.  Our results 

demonstrated that Nef is released from HIV-1 infected astrocytes contributing to Nef 

transfer to other cell types. Even though no morphological differences between control and 

Nef EVs were observed, the size and concentration of Nef EVs increased. This finding 

corroborates previous studies, indicating that Nef stimulates its own release by increasing 
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the production of EVs and the number of multi-vesicular bodies (MVB) in cells (207, 208) 

and potentially extracellular vesicles carrying Nef can deliver this protein to HIV 

uninfectable cells and cause toxicity in the recipient cells.  
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CHAPTER 4 

NEF-CARRYING EXTRACELLULAR VESICLES  RELEASED FROM 

ASTROCYTES LEADS TO NEURONAL TOXICITY BY INTERFERING WITH 

MITOCHONDRIAL BIOENERGETICS 

Introduction 

Despite improved diagnostic testing and targeted therapies, there is no effective 

vaccine for HIV, or a permanent cure for PWH (8). However, the introduction of combined 

antiretroviral therapy (cART) in the mid-1990s significantly decreased the mortality rates 

among PWH, as well as improving the quality of life of PWH. Since then, age-related 

comorbidities and HIV-1 associated diseases are on the rise among PWH. HAND is one of 

the major comorbidities and encompasses a wide spectrum of behavioral and cognitive 

abnormalities (11). Even though cART has significantly decreased HIV-associated 

dementia (HAD) and HIV-associated encephalitis, milder cognitive disorders persist in 

15% to 55% of patients, despite virological control (9, 27, 45, 209).  

HIV infection in the brain, and HAND pathogenesis, is still not fully characterized. 

Several studies have shown that HIV-1 infects central nervous system (CNS) cells like 

macrophages, microglia, and astrocytes (40, 42). The mechanism by which HIV-1 

penetrates the CNS has been actively studied. It is hypothesized that HIV exerts its effect 

in the CNS by crossing the BBB by infiltrating infected CD4+ T lymphocytes and 

monocytes (21, 45). Within the CNS, microglia and perivascular macrophages serve as 

viral reservoirs supporting productive viral replication, while a limited number of 

astrocytes are infected non-productively (46-48, 210). Aside from HIV infection in major 

CNS cells types (e.g. macrophages, microglia, and astrocytes), there is no clear evidence 

of productive viral infection in neurons; however, HIV-1 nucleic acids have been detected 
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in neurons obtained from AIDS patients with encephalitis (211, 212). Several other 

mechanisms have been suggested to contribute to HAND, including a chronic dysregulated 

neuroinflammatory profile (50, 213) greater microglial activation (53-56), abnormal 

astrocytic function (58), compromised BBB integrity and disrupted glutamate homeostasis 

(214). There is growing evidence to suggest that adverse effects of specific viral proteins 

such as Tat, Gp120, and VPR may contribute to the development of HAND (61, 87). 

In addition to these proteins, limited number of studies suggest a critical role of the 

Nef protein in facilitating HAND. The HIV protein, Nef, is abundantly expressed and 

orchestrates different mechanisms of viral pathogenesis, including promoting viral 

replication and evading immune cells (215). Nef is a multifunctional 27–34 kDa 

polypeptide encoded by HIV-1, HIV-2, and the SIV genome (99, 103). NMR structural 

analysis shows that HIV Nef is composed of four major regions: a myristoylated N-

terminal anchor domain, a proline-rich region, a conserved globular core structure, and a 

C-terminal flexible loop (163, 216). The functional domains of HIV Nef act post-

translationally to decrease the cell-surface expression of CD4, downregulate MHC-1 

expression, modulate TCR signaling, increase HIV replication, and increase viral 

infectivity (217, 218). In vitro studies indicate that Nef expression modulates the activation 

of the transcription factor NF-kB and IL-2 expression, implicating Nef in regulation of 

immune function (219). 

HIV Nef induces the accumulation of multivesicular bodies (101). It is secreted 

from HIV and SIV infected cells, which suggests a mechanism of infection transmission 

(154, 179, 183) as Nef-carrying extracellular vesicles (EVs) fuse with the host membrane 

and transfer Nef into the recipient cells (154). Neuronal cells exposed to plasma-derived 
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Nef EVs exhibit several abnormalities, including enhanced APP expression (156). 

Furthermore, Nef EVs increase the permeability of the BBB and initiate proinflammatory 

signaling cascades (157). Our previous study shows that Nef-carrying EVs released from 

Nef-transduced astrocytes are taken up by primary neurons, leading to elevated oxidative 

stress, blunted action potential, and decreased spiking activity (158). The transfer of Nef 

within EVs could represent a novel mechanism by which HIV Nef is transferred between 

cells and influences cells which are not prone to infection, such as neurons. This study aims 

to further characterize the EVs released from Nef-transduced or HIV-1 infected astrocytes 

and elucidate the effects of Nef-carrying EVs on neurological complications and HAND 

pathogenesis.  

Materials and Methods 

Ethics Statement 

Fetal human brain samples were obtained and used in accordance with Temple 

University Human Subjects Protections, with the approval of the institutional review board. 

Study Cohort 

Brain tissues (Prefrontal Cortex) from autopsy specimens were obtained from National 

NeuroAIDS Tissue Consortium. Demographic and clinical characteristics of the study 

cohort are summarized in Table 1. The cohort is consisted of 8 uninfected and 8 HIV+ 

subjects with advanced disease and therefore at high risk of CNS injury. Subjects were 

male with median age of 46.3 years. Four HIV+ subjects were on ART. Subjects have low 

median CD4 count of 48 (IQR, 13-21).  

Trichloroacetic Acid (TCA) Precipitation of Proteins 
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A small (~20 mg) piece from human brain autopsy tissues (frontal cortex) was cut.  

Tissue lysate were prepared by homogenization in RIPA buffer (Thermo Fisher Inc., 

Waltham, MA, USA). Tissue and cell debris were removed by centrifugation. Protein 

concentration was determined with protein assay. 100 µl of trichloroacetic acid was added 

to 500 µg of protein lysates and incubated for 30 minutes on ice. The pellet was washed 

with 500 µl of ice-cold acetone. Samples were resuspended in SDS _PAGE loading buffer 

and heated at 95° C for 5 minutes and analyzed by SDS-PAGE.   

Cell Culture 

Human primary neurons and astrocytes were isolated from fetal brain tissues (16-

18-week gestation) obtained from elective abortion procedures, performed in compliance 

with ethical guidelines of the National Institutes of Health and Temple University. Cells 

were provided by the Comprehensive NeuroAIDS Center (CNAC) tissue culture core at 

Lewis Katz School of Medicine at Temple University. Primary human fetal neurons 

(PHFN) were obtained in six-well dishes or two-chamber slides. Cells were maintained in 

Neurobasal medium (Gibco) containing a B-27 supplement (Gibco/Thermo Fisher Inc., 

Waltham, MA, USA), 0.05% GlutaMAX (Gibco) and gentamicin (10 μg/ml) at 37°C under 

5% atmospheric CO2. Half of the neuronal growth medium was changed with fresh 

medium every three days. Primary human astrocytes (PHFAs) were also obtained from the 

CNAC tissue culture core. Cells were maintained in astrocyte growth media (Dulbecco’s 

modified Eagle's medium (DMEM): F12 medium supplemented with 10% fetal bovine 

serum, 10% GlutaMAX, insulin and gentamicin (10 μg/ml)) at 37°C under 5% atmospheric 

CO2. The complete growth medium was changed every three days. SH-SY5Y 

neuroblastoma cells were obtained from the American Tissue Culture Collection (ATCC, 
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Manassas, VA, USA). Cells were mycoplasma negative as assessed by  Cells were plated 

in collagen-coated (Collagen I, Thermofisher, A1142802) six-well plates and maintained 

in astrocyte growth media (DMEM) at 37°C under 5% atmospheric CO2. 

Reagents 

Antibodies were obtained from the following sources: anti-Nef (SF2) and EH1 from 

NIH-AIDS Reagent Program; anti-HSP70 from Santa Cruz (Dallas, TX, USA); anti-Alix 

and anti-Map2 from Cell Signaling Inc. (Beverly, MA, USA); β-tubulin from LI-COR, 

Odyssey (Lincoln, NE, USA); anti-TSG 101 from Novus Biologicals, LLC (Centennial, 

CO, USA). Other reagents were purchased as follows: mammalian protease inhibitors 

(Sigma-Aldrich); Bradford reagent (BioWorld, Dublin, OH, USA); GSH-Glo Glutathione 

Assay kit (Promega Corp., Madison, WI, USA); luminescent ATP detection assay kit and 

DCFDA/H2DCFDA cellular ROS assay kit (Abcam, Cambridge, MA); and Seahorse 

Mito- stress kit  (Agilent, Santa Clara, CA).  

Flow Cytometry and Cell Viability Assay 

HIV-1NL4-3-GFP-P2A-Nef infected PHFA cells were fixed for 10 mins in 4% 

paraformaldehyde. In order to verify the percentage of HIV infected astrocytes, GFP 

expression was assessed in fixed cells by Guava Easy Cyte mini-flow cytometry was used. 

Treatment of PHFN With Astrocyte-Derived Evs 

PHFN were grown in 2 ml neurobasal growth media (Gibco) in six-well plates or 

two-well chamber slides, at 37°C under 5% CO2. Particle numbers of Null, Nef-EVs, 

uninfected, and HIV-1 infected EVs were analyzed by ZetaView analysis. Half of the 

neuronal growth medium was removed from the cell culture and aliquots of diluted EV 
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solutions were added in different concentrations (100, 1000, and 3000 EVs/cell). The 

control cells were treated with PBS. The cells were then incubated at 37°C for 1 h followed 

by the addition of 1 ml fresh neurobasal growth medium to each well. The EV-treated 

neurons were incubated for 5 h at 37°C under 5% CO2 before harvesting for whole-cell 

protein extraction and immunocytochemistry. For mitochondrial and toxicity assays, cells 

were incubated for 72 hours at 37°C under 5% CO2.  

Immunocytochemistry of Nef-Uptake by Neurons 

PHFNs were cultured on two-well chamber slides and treated with different 

concentrations of EVs. Cells were fixed with cold acetone:methanol (50:50) for 90 

seconds, washed three times with PBS, then blocked with 10% BSA in PBS for 1 h, and 

incubated with rabbit polyclonal anti-MAP-2, monoclonal anti-Nef antibodies, monoclonal 

anti-TOM 20 antibodies. Primary antibody dilutions were 1:500 in 5% BSA, overnight at 

4°C with gentle rocking. After the primary antibody incubation, cells were washed three 

times with PBS and then incubated in a secondary solution containing 1500 FITC mouse 

secondary and 1:500 rhodamine rabbit secondary, in 5% BSA for 1 h. Wells were then 

washed five times with PBS and mounted with Vectashield mounting solution containing 

DAPI. Images were taken by a fluorescence microscope. (Leica Biosystems Inc., Buffalo 

Grove, IL, USA).  

Preparation of PHFN And PHFA Cell Lysates And SDS-PAGE/Western Blotting 

PHFA lysates were prepared 72 h after adenovirus transduction or HIV-1 infection, 

using RIPA buffer supplemented with mammalian protease inhibitors. For SDS-

PAGE/western blot, 20 μg proteins per well were used. The same protocol was followed 
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to collect PHFN lysates. Cells were washed in PBS and collected after trypsinization. Cells 

were lysed in RIPA buffer and mammalian protease inhibitors. The Bradford protein 

quantification assay was used to measure protein concentration. Protein samples were 

denatured by heating at 95°C for 5 mins in SDS loading dye, separated on 12% SDS-

PAGE. Gels were transferred to a 0.2 μm nitrocellulose membrane for 90 mins at 250 mA, 

in transfer buffer (100 mM Tris-HCl, pH 7.4, 150 mM NaCl, 20% methanol). Membranes 

were blocked in 1x LI-COR blocking buffer for at least 1 h at room temperature (RT). The 

primary monoclonal antibodies, anti-HIV-1 Nef (sf2), anti-TSG 101, anti-HSP70 and anti-

Alix, were diluted 1/1000 in buffer containing 1x LI-COR and incubated overnight at 4°C 

with gentle shaking. The following day, membranes were washed three times with 1x 

PBST buffer and incubated with secondary antibodies (LI-COR goat against rabbit 680 for 

polyclonal; LI-COR goat against mouse 800 for monoclonal) for 1 h at RT, followed by 

three washes (5 min each) with 1x PBST buffer. Membranes were scanned on the 

ODYSSEY Clx instrument. 

Glutathione Assay 

PHFN were treated as previously described. After 72 hours, cells were washed with 

PBS, trypsinized, and resuspended in 200 μl PBS buffer. The GSH-Glo Glutathione assay 

(Promega Corp.) was performed according to the manufacturer’s instructions. The 

luminescence signals were measured in a Zylux Femtomaster FB12 (Berthold Detection 

Systems, Pforzheim, Germany). Each experiment was performed in triplicate and the 

means were analyzed in GraphPad Prism, v. 8.0.  

Mitochondrial Extraction 
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Mitochondrial-enriched fractions were prepared using the sucrose gradient method. 

Cells were scraped in mitochondrial isolation buffer containing 250 mM sucrose, 10 mM 

Tris-HCl (pH 7.4) and 0.1 mM EGTA and homogenized using glass Teflon homogenizers. 

Cells were centrifuged at 4000 rpm for 10 min to pellet nuclei and cell debris, and the 

supernatant transferred to a new tube and centrifuged at 14 000 rpm for 30 min to pellet 

mitochondria. Mitochondrial pellets were washed twice with mitochondrial isolation buffer 

and then lysed in RIPA lysis buffer for further analysis. 

ATP Luciferase Assay 

ATP levels were measured by the luminescent ATP detection assay kit (Abcam, 

ab113849). SHSY5Y cells were treated with 100, 1000 and 3000 EVs/cell isolated from 

Nef-transduced or HIV-infected astrocytes. The luminescence signals were measured in a 

Zylux Femtomaster FB12 (Berthold Detection Systems, Pforzheim, Germany) 72 hours 

post-transduction. The post-treatment process was performed according to the 

manufacturer's instructions. The means of triplicate experiments were analyzed in 

GraphPad Prism v. 8.0. 

Mitochondrial Oxygen Consumption Rate 

A total of 1 × 10 4 SHSY5Y cells were attached in a XF96 cell culture microplate, 

pre-coated with collagen.  Cells were treated with different concentrations of EVs isolated 

from Nef-transduced astrocytes for 72 hours. The medium was then changed to XF base 

media supplemented with D-glucose (1g/L, Sigma, G8769), sodium pyruvate (1 mM, 

Gibco, 11360-070), and L-glutamine (4 mM, Gibco, 25030-081). The OCR assay was 

performed using XF96 extracellular flux analyzers (Seahorse Bioscience, North Billerica, 

MA, USA). Four measurements were obtained under basal conditions, and after the 
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addition of several chemicals including oligomycin (1 μM) to inhibit ATP linked 

respiration, FCCP (1 μM) to measure maximal respiration, and rotenone (1 μM) /antimycin 

A (1 μM) to completely inhibit all mitochondrial respiration (Agilent Technologies, Santa 

Clara, CA, USA). The after-treatment process was performed following the manufacturer's 

instructions. The means of four measurements were analyzed in GraphPad Prism v. 8.0. 

Evaluation of Reactive Oxygen Species 

To measure intracellular ROS, 2′, 7′-Dichlorofluorescin diacetate (DCFDA) was 

used (DCFDA cellular ROS detection assay kit (Abcam), according to the manufacturer's 

protocol. SHSY5Y cells were treated for 72 hours in the previously indicated conditions, 

before assay in base media. An Epoch 2 plate reader, with an excitation/emission 

wavelength filter of 490/510 nm–570 nm was used to detect fluorescence. The relative 

fluorescence of the control was equated to one, with treatment conditions calculated 

proportionally. The signal was background corrected and adjusted according to the cell 

number. The means of the triplicate experiments were analyzed in GraphPad Prism v. 8.0. 

Cell Viability Analysis 

To determine cell viability, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay was performed. SHSY5Y cells were plated in six-well 

plates (2 × 105) and treated with different concentrations (100,1000 and 3000 EVs/Cell) of 

EVs for 72 hours. Cells were incubated with 1 ml of MTT working solution (DMEM with 

0.5 mg/ml MTT) for 2 h at 37°C. The converted dye was solubilized with 1 ml acidic 

isopropanol (0.004 M HCL in isopropanol) and the absorbance measured at a wavelength 

of 570 nm and 650 nm with background subtraction.  
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Statistical Analysis 

All statistics and graphical representations were done using GraphPad Prism 

version 8.0. Results are expressed as mean with SD. T-test was used in comparison of two 

unpaired groups. One-way ANOVA was used to compare three non-paired groups 

followed by a post-hoc Tukey HSD test if the ANOVA was significant.  P value < 0.05 

was considered significant. 

Results 

Nef Expression in HIV+ Brain Specimens 

Few studies have characterized Nef expression in the CNS, and its potential role in the 

development of HAND (58, 113, 119, 120). To identify Nef expression in the brain, 

postmortem brain tissues from eight control (uninfected) and eight HIV-1 infected (HIV+) 

patients were collected. Patient demographics are summarized in Table 3. Western blot 

analysis of brain lysates shows that Nef is expressed in six out of eight HIV+ brain lysates. 

Three of the samples were from people receiving ART (Figure 19A and B). This data 

suggests that, regardless of ART treatment, Nef is expressed in the brain of PWH.  
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Specimen PMI 
(hrs) 

Gender Age Viral 
load 

(log10) 

CSF viral 
load 

(log10)  

ART CD4 
count 

CD8 
count 

7102417477    22 Male 61 NA NA NA   

7102477483    12 Male 49 NA NA NA   

7102297682     21 Male 51 NA NA NA   

7102447782    22 Male 47 NA NA NA   

7102107787     16.5 Male 41 NA NA NA   

7102168372     20.5 Male 61 NA NA NA   

7102396872     6 Male 54 NA NA NA   

7101108777     4 Male 59 NA NA NA   

CC232     8 Male 42 4.74 2.53 Yes 13 526 

CE144     6 Male 46 4.18 5.07 No 178 866 

CA110     12 Male 43 5.3 3.29 ND 21 145 

030015    6 Male 43 4.69 2.13 Yes 10 482 

3035         3 Male 46 ND ND ND   

4127         8 Male 45 ND ND Yes 22  

1141         3 Male 44 ND ND Yes   

3044         16 Male 62 ND ND ND   

Table 3. A summary of the clinical description of 8 control subjects and 8 PWH whom their frontal 
cortex were studied in this work 
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Figure 19. Expression of Nef in postmortem brain tissues. Western blot analysis of postmortem brain 
tissues from control (n=8) and HIV-infected (n=8) individuals. Brain sections from frontal cortex were 
homogenized, lysed, TCA precipitated and separated on SDS-PAGE, transferred on a nitrocellulose 
membrane, and analyzed by western blotting for the detection of Nef using specific antibodies. Both 
membranes were probed with Tubulin as a loading control. Mwm: molecular weight marker; pos. cont: 
whole cell lysates from Ad-Nef transduced astrocytes. 

 

55-

30-

55-

30-
mwm Pos.

Cont. 872 477 483 682 015 232 110 1141 777 782 372 787 3035 3044 144 4127
Pos.
Cont.mwm

Control Brain Lysates HIV+ Brain Lysates Control Brain Lysates HIV+ Brain LysatesA B

Tubulin

Nef

Tubulin

Nef



 

 71 
 

PHFA Derived Nef-EVs are Taken Up by Primary Human Astrocytes 

Our results indicate that HIV-1 Nef is released in EVs isolated from Nef-transduced 

and HIV-infected cells (Figure 18A). However, the possibility of Nef transfer from infected 

cells to uninfectable cells, such as neurons, via EVs needs further clarification. Therefore, 

EVs were isolated from control, Nef-transduced, uninfected, and HIV-1 infected 

astrocytes. Number distributions of isolated EVs were assessed by Zetaveiw analysis, then 

primary human neurons were treated with different EV concentrations (100, 1000, 3000 

EVs/cell).  Four hours post-treatment, primary neurons were extensively washed in PBS to 

eliminate any surface-bound vesicles, then fixed and double-stained for monoclonal anti-

Nef and rabbit polyclonal anti-MAP2 and processed for immunocytochemistry. Nef 

protein (Figure 20A and B) green signal, were detected in the perinuclear area of PHFN 

cells treated with Nef and HIV EVs. To further elucidate the EV uptake, cell lysates from 

PHFNs treated with Nef and HIV EVs were analyzed by western blotting. HIV-1 Nef 

protein was detected in neuronal cell lysates treated with 1000 Nef EVs and 3000 Nef EVs, 

and 3000 HIV EVs (Figure 20 C and D). These results suggest that HIV-1 Nef can be 

delivered to neurons through association with EVs.  

  

  



 

 72 
 

 

  

Figure 3. Nef EVs isolated from Nef expressing astrocyes are taken up by primary human neurons 
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Figure 20. Primary human fetal neurons (PHFN) uptake Nef/ HIV EVs.  
Immunocytochemical analysis of PHFN treated with different concentrations of (A) control and Nef 
EVs; or (B) control and HIV EVs. Western blot analysis of PHFN lysates treated with different 
concentrations (100, 1000, and 3000 EVs/cell) of (C) control and Nef EVs; or (D) control and HIV 
EVs. WCE: Whole Cells Extracts  
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Neurotoxicity of Nef EVs 

Several studies have shown the toxic effects of Nef in different cell types (116, 

117); however, the potential toxicity of EVs containing Nef is not clear. To determine the 

consequences of Nef or HIV EVs in the cells, PHFN cells were treated with different 

concentrations of EVs, isolated from HIV-infected and Nef-transduced PHFAs (100, 1000, 

and 3000 EVs/cell). Seventy-two hours post-treatment, cellular viability was assessed by 

MTT analysis. Relative cellular viability decreased significantly after cells were treated 

with 100, 1000, and 3000 Nef EVs (Figure 21A) and with 1000 and 3000 EVs from HIV-

1 infected PHFAs (Figure 21B). Glutathione (GSH) levels were quantified in cells treated 

with EVs as changes in cellular GSH levels are indicative of oxidative stress. There was a 

significant decrease in GSH levels in cells treated with 100, 1000, and 3000 EVs/cell, 

suggesting that Nef and HIV EVs may induce oxidative stress in neurons (Figure 21C and 

D). Furthermore, treating SHSY5Y cells with Nef EVs (1000 and 3000 EVs per cell ) and 

HIV EVs ( 3000 EVs/ Cell) caused a significant reduction in ATP levels (Figure 21E and 

F), and treating cells with all concentrations of Nef or HIV EVs caused a significant 

increase in intracellular reactive oxygen species (ROS) levels in SYSHY5Y cells (Figure 

21 G-H). These results confirm the toxic effects of Nef and HIV EVs in neuronal cells.  
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Figure 21. Effect of Nef and HIV EVs on neuronal cells. EVs were purified from cultured media of PHFA 
transduced with Ad-Null or Ad-Nef, uninfected and HIV infected cells. Primary Human neurons were 
treated with different concertation of EVs (100, 1000, and 3000 EVs/cell). 72 hours post-treatment (A-B) 
Cellular viability was assessed by MTT assay. (C-D) Levels of Glutathione was measured GSH-Glo assay. 
SHSY5Y cells were treated different concertation of EVs (100, 1000, and 3000 EVs/cell). 72 hours post-
treatment (E-F) ATP levels were assessed by luminescent ATP detection assay and (G-H) Internal ROS 
was assessed by DCFDA assay. Significance difference between groups were  analyzed by ANOVA, 
followed by Tukey’s multiple comparison test. Data are shown as mean with SD (n=3) (**p=<0.05, *** p=< 
0.005, ****p=<0.0005). 
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Nef and Nef EVs Compromise Mitochondrial Bioenergetics 

To determine the effect of Nef, and Nef-carrying EVs on mitochondria, cytosolic 

and mitochondrial extractions from control and Nef-expressing SHSY5Y cells were 

isolated and analyzed by western blot for Nef association with mitochondria. The results 

show that there is a higher accumulation of Nef protein in mitochondrial extracts, compared 

to cytosolic extracts (Figure 22A). The quality of isolated mitochondrial and cytosolic 

extracts was determined by the presence of TOM20 and tubulin, respectively. To identify 

the potential effects of Nef on mitochondria bioenergetic capacity, SHSY5Y cells were 

transduced with Ad-Nef, and oxygen consumption rate (OCR) in all conditions was 

assessed. The results indicate that Nef expression in SHSY5Y cells caused bioenergetic 

impairment, as evidenced by significantly reduced OCR, decreased ATP-coupled 

respiration, reduced basal and maximal OCR, and spare capacity (Figure 22B-F).  
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Figure 22. Effects of Nef expression in mitochondrial bioenergetics. (A) Western blot analysis of 
mitochondrial and cytosolic extractions from Nef-expressing SHSY5Y cells; (B) representative traces 
of OCR in control and Nef-transduced cells; (C) ATP-coupled respiration; (D) basal OCR; (E) maximal 
OCR; and (F) spare capacity in control and Nef-transduced SHSHY5Y cells. Significance difference 
between groups were  analyzed by ANOVA, followed by multiple comparison test. Data are shown as 
mean with SD (n=3 Data were analyzed by ANOVA, followed by Tukey’s multiple comparison test. 
Data are shown as mean with SD (n=4) Data are shown as mean ± SEM (n=4) (**p=<0.05, *** p=< 
0.005, ****p=<0.0005).  
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To determine if Nef-carrying EVs had similar effects, SHSY5Y cells were treated 

with control and Nef EVs (100, 1000, and 3000 EVs/cell), isolated from control or Nef-

transduced astrocytes. Seventy-two hours after the EV treatments, cytosolic and 

mitochondrial extractions were isolated and analyzed by western blot analysis. The highest 

levels of Nef were found in mitochondrial extracts from SHSY5Y cells treated with 3000 

Nef EVs/cell (Figure 23A). The quality of mitochondrial and cytosolic lysates was checked 

by the presence of Tom 20 and tubulin, respectively. All concentrations of Nef EVs caused 

a reduction in OCR levels, ATP-coupled respiration, basal and maximal OCR, and spare 

capacity (Figure 23 B-F). These results suggest that Nef and Nef-carrying EVs have 

significant effects on neuronal cells by disturbing mitochondrial bioenergetics.  
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Figure 23. Effects of Nef EVs on mitochondrial bioenergetics. (A) Western blot analysis of 
mitochondrial and cytosolic extractions (ME and CE) from Nef-expressing SHSY5Y cells; (B) 
representative traces of OCR in control and Nef-transduced cells; (C) ATP-coupled respiration; (D) 
basal OCR; (E) maximal OCR; and (F) spare capacity in control and Nef-transduced SHSHY5Y cells. 
Significance difference between groups were  analyzed by ANOVA, followed by Tukey’s multiple 
comparison test. Data are shown as mean with SD (n=4) (**p=<0.05, *** p=< 0.005, ****p=<0.0005).  
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Discussion 

Although EVs transferring materials between cells enhances physiological 

conditions, there is growing evidence to suggest that they also transfer deleterious material 

between cells that can enhance pathologic processes (142-144, 190). EVs transfer HIV-1 

derived molecules to the neighboring cells and promote HIV infection (220, 221). Several 

HIV viral proteins have been detected in EVs from HIV-infected individuals, including 

Gp120, Gag, Tat, and Nef (222). EVs released from HIV-infected cells contain Gp120, 

causing an increase in viral infectivity in human lymphoid tissues (222).  HIV-1 Gag is 

also released in EVs, primarily due to its unique structural features (223, 224). Exposing 

neural cells to Tat-carrying EVs impairs cell viability and neurite elongation (146, 147). 

Mounting evidence suggests that Nef is also released from infected cells in association with 

EVs (151, 154, 199, 225, 226), and can also be delivered to neighboring cells (225). Indeed, 

our previous studies showed the presence of Nef in noninfectable cells, such as neurons, 

strongly suggesting that Nef is being delivered to these cells. We further showed that Nef 

is released in extracellular vesicles isolated from Nef transduced and HIV infected 

astrocytes. Furthermore, despite undetectable levels of HIV-1 RNA, high levels of Nef-

carrying EVs have been detected in plasma derived from HIV-1 infected individuals (179, 

180). 

Potential role of Nef EVs, in the context of HAND is understudied. This study has 

investigated the neurotoxic consequences of the HIV-1 Nef protein on neurons. Neurons 

are not HIV infectable; however, several studies have found the Nef gene in neurons 

isolated from postmortem brain tissues from HIV-1 infected individuals (211, 212). In the 

second chapter, we showed that the SIV Nef protein is present in neurons obtained from 
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the brains of SIV-infected macaques, indicating that the occurrence of Nef is not only 

limited to infected cells. This suggests that Nef protein is most likely delivered to the other 

cells, including neurons. HIV-1 Nef is also highly expressed in astrocytes, microglia, and 

macrophages (227), and released in EVs. Nef EVs released from microglia can 

significantly increase the permeability of the BBB, and potentiate pro-inflammatory 

signaling in surrounding CNS macrophages (157). Not only is Nef released from astrocytes 

transduced with Ad-Nef constructs, but that exposing Nef EVs to neurons compromises 

oxidative stress and decreases the frequency spiking activity of neurons (158). In line with 

previous work, this study demonstrates the presence of Nef in brain lysates obtained from 

postmortem tissues from PWH, even in three of the eight individuals who had received 

cART. Our results also demonstrate that Nef is released from HIV-1 infected astrocytes 

contributing to Nef transfer to other cell types. Even though no morphological differences 

between control and Nef EVs were observed, the size and concentration of Nef EVs 

increased. This finding corroborates previous studies, indicating that Nef stimulates its own 

release by increasing the production of EVs and the number of multi-vesicular bodies ( 

MVB) in cells (207, 208).  Using immunocytochemistry analysis, HIV-1 Nef was highly 

detectable in Nef EV treated neurons, indicating that Nef protein can be transported to 

neurons. We further showed the accumulation of Nef protein in neurons by immunoblotting 

and immunocytochemistry. These data support the hypothesis in which Nef carrying EVs 

can deliver Nef protein to other cells types including neurons.  

Previous studies have shown the expression of Nef recruits peripheral immune cells 

into the CNS, which causes neuroinflammation and neuronal apoptosis (119, 120). 

Moreover, exposing neuronal cells to Nef causes impairment in locomotor activities, and 
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induces neuroinflammatory responses, such as upregulating IP-10 (117), and significantly 

decreasing metabolic activity and increasing cell death rates (116). Emerging data suggests 

that Nef may facilitate neurological complications by affecting autophagy and 

mitochondrial functions: Nef expression in astrocytes inhibits the autophagy pathway 

(137). Moreover, Nef changes phosphorylation and expression of mitochondrial proteins, 

such as BAD, BCL2, and BCL-X (228, 229) and can affect mitochondrial dynamics by an 

increase in the hyperpolarization of the mitochondrial membrane potential (230).  

In line with previous studies, this study suggest that, not only Nef may be delivered 

to neurons through EVs, but it may also decrease cellular viability and increase oxidative 

stress, as measured by a decrease in GSH levels, potentially by compromising 

mitochondria. Nef is accumulated in mitochondrial extraction, resulting in mitochondrial 

impairment. Treating neural cells with different concentrations of Nef EVs, isolated from 

Nef-transduced or HIV-1 infected cells, caused a significant reduction in ATP levels. 

Interestingly, Nef carrying EVs impaired mitochondrial bioenergetics as evidenced by a 

decrease in basal and maximal oxygen consumption rate. Furthermore, these Nef carrying 

nanoparticles decreased spare capacity and ATP couple respiration, strongly suggesting 

that Nef EVs may impair mitochondrial bioenergetics.  
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CHAPTER 5 

Conclusions 

HIV infection and its neurological comorbidities remain a major health concern 

worldwide, despite advances in treatment. HAND effect the majority of PWH, while 

advanced aged, illicit drug use, and co-infection increase the risk for such cognitive 

deficits. Within the CNS, a variety of cell types (i.e. microglia, perivascular macrophages, 

astrocytes) are susceptible to HIV-1 infection and subsequently release viral particles, such 

as viral proteins. In turn, HIV infiltration of the CNS is associated with several 

dysregulated processes that are thought to contribute to HAND, including an altered 

neuroinflammatory profile and aberrant functioning of non-neuronal cells. As exemplified 

by Gp120, Vpr and Tat, such dysregulated mechanisms may ultimately be a result of viral 

proteins themselves. Our studies on brain sections from frontal cortex, hippocampus and 

cerebellum of SIV-infected macaques with encephalitis show high levels of Nef 

expression. We further studied brain sections from the same regions from SIV-infected 

macaques without encephalitis in the presence or absence of anti-retroviral therapy. 

Interestingly, our result show frequent number of Nef positive cells in the cerebellum and 

hippocampus. More interestingly, we detected Iba-1, GFAP and NeuN positive cells, also 

positive for Nef protein. RNAscope in combination with IHC for detection of SIV RNA 

and Nef protein shows that within cerebellum and hippocampus, there are cells that are 

positive for Nef protein, but not SIV RNA, suggesting that Nef expression is not limited to 

infected cells. Also detecting the presence of Nef in neurons shows that Nef is being 

delivered to these cells. Furthermore, our data suggest that Nef is found in human brain 

lysates and sections isolated from the frontal cortex of PWH with a diagnosis of HAND. 

In addition, we characterized Nef-carrying EVs and their uptake by neuronal cells.  
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Furthermore, treating cells with Nef or HIV EVs reduced the viability of neurons, induced 

apoptosis, decreased ATP levels and increased ROS levels. Moreover, Nef was enriched 

in mitochondrial lysates obtained from neuronal cells, altering mitochondrial 

bioenergetics. Interestingly, treating neuronal cells with Nef EVs caused a reduction in 

OCR and induced mitochondrial impairment. In summary, our studies show that Nef is a 

crucial modulator of neuronal functioning and may contribute to HAND, even in PWH 

receiving cART, by its inclusion into extracellular vesicles. Our studies highlight the 

possible role of the HIV secretory protein, Nef, in neurotoxicity by affecting mitochondrial 

bioenergetics, which presents a continuous and severe health challenge for PWH. 

Given the available evidence of Nef-specific mechanisms in HAND, several 

therapeutic approaches could prove beneficial and warrant further investigation. The 

targeted inhibition of Nef on the surface of exosomes can inhibit exosomal reuptake at 

recipient cells, suggesting the inhibition of extracellular yet membrane-bound Nef (i.e. via 

monoclonal antibodies or nanoparticles antagonists) may help preserve efficient neuronal 

functioning (156). Such neurotropic immunotherapies warrant particular consideration, 

provided their increasing application in Alzheimer’s Disease. In light of rapid advancing 

gene editing techniques, it may also prove beneficial to target Nef transcripts directly, as 

functional Nef mRNA can be translocated between cells via exosomes, potentially 

exacerbating the pathogenic contributions of Nef in HAND (156, 231). 
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