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Abstract

:

The chronic infection established by the human immunodeficiency virus 1 (HIV-1) produces serious CD4+ T cell immunodeficiency despite the decrease in HIV-1 ribonucleic acid (RNA) levels and the raised life expectancy of people living with HIV-1 (PLWH) through treatment with combined antiretroviral therapies (cART). HIV-1 enters the central nervous system (CNS), where perivascular macrophages and microglia are infected. Serious neurodegenerative symptoms related to HIV-associated neurocognitive disorders (HAND) are produced by infection of the CNS. Despite advances in the treatment of this infection, HAND significantly contribute to morbidity and mortality globally. The pathogenesis and the role of inflammation in HAND are still incompletely understood. Principally, growing evidence shows that the CNS is an anatomical reservoir for viral infection and replication, and that its compartmentalization can trigger the evolution of neurological damage and thus make virus eradication more difficult. In this review, important concepts for understanding HAND and neuropathogenesis as well as the viral proteins involved in the CNS as an anatomical reservoir for HIV infection are discussed. In addition, an overview of the recent advancements towards therapeutic strategies for the treatment of HAND is presented. Further neurological research is needed to address neurodegenerative difficulties in people living with HIV, specifically regarding CNS viral reservoirs and their effects on eradication.
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1. Introduction


Infection provoked by HIV-1 is marked by an accelerated reduction in CD4+ T cells, T cell dysfunction, thymic dysfunction, lymphoid destruction, and pan-cellular defects attributed to stem cell dysfunction. In most PLWH, the ultimate result of this immune dysfunction is the development of opportunistic infections and malignancies associated with AIDS. Immune responses can be evaded by this virus by different mechanisms such as the development of permanent infection within diverse types of cells such as monocyte-derived macrophages (MDMs) and T lymphocytes [1].



The diverse origins (embryonic yolk sac, fetal liver, and/or bone marrow) of MDMs have been revealed. MDMs are a cell type generated from peripheral blood monocytes and are widely used to model macrophages for in vitro studies. Due to the importance of the different types of macrophages, regardless of their origin, in HIV-1 infection, in vitro models have always been widely used to examine MDMs.



A key cell reservoir constituted by MDMs can continue to live for a long time despite virus cytopathic events (these data were presented in a recent important study with SIV-infected Asian macaques) [2]. In addition, MDMs can distribute in diverse anatomical compartments (such as the brain) and provide for virus dissemination in the body of PWLH [3,4,5].



The central nervous system (CNS) symbolizes a crucial sanctuary for HIV-1 [6,7]. Resident macrophages support the productive infection of HIV-1 [7] through the blood–brain barrier (BBB) (as shown in in vitro and in vivo studies) [6,7].



Minimal penetration of the BBB and probable damage by the toxicity of several drugs render the eradication of HIV-1 reservoirs in the CNS impossible [8,9,10,11,12]. Finding a cure for HIV-1 infection is arduous work since there are many challenges still to be overcome, such as the numerous viral mutations and latency for long periods by integrating into the host genome.



Within the CNS, the virus does not infect neuronal cells; it can establish an infection in different types of cells [13]. Perivascular macrophages, microglial cells, and possibly astrocytic cells produce viral proteins that cause inflammation and, in turn, lead to HIV-1-induced neuronal damage [14].



Viral variants within the CNS undergo genetic compartmentalization that is highly dependent on the various adaptive genetic changes that occur due to specific target cells, and in response to immune selection pressures within the brain microenvironment [6,7].



HIV-associated neurological disease can produce significant morbidity and mortality globally and can be due to HIV replication, opportunistic infections, or comorbidities [15] that can structurally and functionally affect the brain [16]; this affection can occur in a primary or secondary way, also affecting meninges and muscles, among others [17]. HIV-1 infection can produce neurocognitive damage and motor disorders [7]. This infection can be considered as a mix of virus-related neurocognitive diseases and neuronal tissue inflammation [7,18]. The use of cART with an improved ability to penetrate the BBB has drastically diminished the occurrence of these problems [18,19]. Nevertheless, since not all anti-HIV drugs are capable of crossing the BBB with effectiveness, viral reservoirs still persist, causing neurological disorders [20]. As a result, these clinical symptoms still persist as crucial problems for people living with HIV (PLWH), particularly for children or patients with low adherence to treatment [21], the latter becoming increasingly frequent among old PLWH since age is a risk factor for functional impairment and disability [22]. Other crucial risk factors are low levels of CD4+ T cells, an increase in plasma viral load, hepatitis C virus (HCV) coinfection, and metabolic comorbidities in PLWH with neurocognitive impairment [7,19]. Taking into account the restrictions of current therapeutic strategies, novel approaches are a key point in the neuro-HIV research. Some of these methods involve gene therapy, gene editing, RNA interference, and modulation of different cellular physiological processes (reviewed in Ojha et al., 2017, and Kwarteng et al., 2017) [23,24]. Even though the precise etiology of HIV-associated neurocognitive disorders (HAND) in the cART era has not yet been deeply studied, permanent inflammation in the CNS is a frequent characteristic of this disease that can lead to neurocognitive impairment [25].



This review is focused on HAND and the role of the CNS as a reservoir for this virus in the brain. Particular attention is dedicated to crucial topics such as compartmentalization of HIV infection in the CNS and the current advances in therapeutic interventions for the treatment of HAND.




2. HAND


2.1. Advances and Evolution of the Antiretroviral Treatment of HIV Infection


cART have improved the prognosis of HIV infection, changing the survival of PLWH. As a consequence, immune reconstitution and opportunistic diseases have become infrequent; nevertheless, cognitive disorders in PLWH still persist [20].



Neurologic complications of HIV infection are unfortunately common, even in the era of effective cART. Successful virologic control has extended the life span of PLWH, but it is necessary to manage the long-term complications of HIV disease, such as neurocognitive disorders and peripheral neuropathy [26]. The possibility to have powerful and affordable virological and immunological parameters can be useful in addressing these problems by providing data about the burden of HIV-1 reservoirs produced by viral replication in diverse anatomical compartments, as well as on permanent inflammation, immune activation, and senescence in spite of favorable virological clearance [26]. For all these reasons, it is important to provide new insights into the assessment and examination of the disease from a virological, immunological, and clinical point of view [26]. The crucial function of novel markers (total HIV-1 DNA, residual viremia, and immunological parameters) has been deeply studied to optimize therapeutic approaches, improve pharmacological adherence, and individualize examination [26].



Normally, altered neuroimaging findings and the impact of the disease are more frequently observed in older patients [16,27] since studies have revealed the effect of HIV-1 on the neurocognitive situation of patients and brain aging, and on the brain at a structural and functional level [28]. There has been evidence, especially in neuroimaging studies, that older HIV-infected patients have significantly more brain atrophy than their HIV-negative peers [29,30]. In addition, neuronal studies have shown neuronal and cognitive damage, and neurodegeneration and memory failure, and numerous patients with HIV who, in senescence, go from being asymptomatic to developing HAND have been observed [31]. PLWH develop and show this infection in different ways depending on the degree the disease effects the health of each individual. At the moment, no specific cure for HAND has been found. Thus far, there have been small trials showing improvement in neurocognitive function that have been conducted in patients undergoing cART, while intranasal insulin trials are ongoing after in vitro studies showed the possibility of neuroprotective effects of insulin in this disease [32] (Table 1).



An important study provided evidence that paroxetine reduced neuronal cell death produced by proteins of HIV-1 in vitro and in vivo [33]. It has been shown that paroxetine prevented Tat-induced iNOS and inflammatory cytokine expression and Ca2+-induced mitochondrial inflammation and attenuated KCl-induced calcium responses. Additionally, data from this study suggest that the neuroprotective properties of paroxetine in neuronal apoptosis (seen in the brains of PLWH with HAND) can be seen at concentrations of 0.5 to 10 μM. Comparable concentrations help to improve the propagation of neural progenitor cells and can be quickly achieved in the CNS at therapeutic doses since the absorption and enrichment of these components in the CNS are more favorable with 10–20-fold higher dosages in the brain compared to human plasma [33]. It takes weeks or months to reach steady-state levels [33]. These data have also been demonstrated in in vivo studies focused on the neuroprotection and proliferation of neural progenitor cells after systemic administration of paroxetine. Therefore, treatment with paroxetine can be an effective neurorestorative method for ameliorating neuronal death as well as abnormal neurogenesis in HIV-infected individuals with neurologic dysfunction [33].



Maraviroc’s good anti-inflammatory effects, high efficacy, and good ability to penetrate to the CNS [34] make it a good antiretroviral in all cell types, including MDMs, highlighting its potential for therapeutic use. Recent longitudinal research employed a randomized controlled design, longer follow-up, and optimized neuropsychological strategies, and this study supported and extended novel observations of improved neurocognition of PLWH with neurocognitive damage who were subjected to maraviroc intensification for 24 weeks [34]. This study also reported partial reversal of monocyte-mediated pathological symptoms previously associated with cognitive damage, namely, a decrease in the percentage of CD14+ HIV DNA and CD16-expressing monocytes and in proinflammatory biomarker sCD163 levels in plasma [34].



Kim et al., 2019 studied the systems by which neuronal damage occurs and showed that therapy with insulin demonstrated restoration of dendritic arbors and memory and significant survival of neurons; additionally, full functionality was recovered, and was similar to reversion of memory and synaptic deficiencies in amyloid β precursor protein (APP)-transgenic mice, that were treated with insulin-like growth factor-2 (IGF-2) [35], and to temporary deficit of microtubule-associated protein 2 (MAP2) in dendritic staining of later traumatic brain injury [35]. Important studies have postulated that the mitogen-activated protein kinase/extracellular signal-regulated kinase (MEK-ERK) and CaMKII pathways [35] provide dendritic structural stability with a reversible MAP2–microtubule association. In particular, this system is composed of CaMKII and its regulator NRGN which, in turn, are transcriptionally downregulated in the infection, due to the neurotrophin BDNF, which improves dendrite formation [35], and re-established at normal expression levels with insulin therapy.



Evolution of ratified markers and enriched clinical cognitive analysis that can holistically and correctly evaluate the possibility of evolving HAND are also needed to promote future trials of novel HAND strategies.



Additionally, the role of different parameters (total HIV-1 DNA, residual viremia, immunological biomarkers) has been the focus of optimized therapies, enhanced pharmacological adherence, and individual examination [26].




2.2. Classification of HAND


Classification systems of HAND are necessary for the diagnosis of this infection. To obtain a reliable diagnosis, we need to follow some crucial and standard criteria: the Frascati criteria [36]. These are described according to different levels of severity of the disease, such as asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorders (MND), and HIV-associated dementia (HAD), which is the level with the highest severity in HAND [7]. ANI includes at least two neurocognitive domains that do not impede in the patient’s daily activity, do not follow established criteria for dementia, do not provide proof of another pre-existing cause of ANI, and include very mild difficulties (also at the motor level) [7]. The early detection and diagnosis of ANI are very important clinically since it can rapidly progress to HAD.



Regarding MND, they represent a HAND level that implies at least two capacity domains that slightly interfere in the daily function of patients and some acquired damage in neurocognitive functions. To assess the neuropsychological status of PLWH, the Memorial Sloan Kettering (MSK) scale of 0.5 to 1.0 is used. This scale takes into account the following skills: level of mental acuity and information processing speed, verbal/language skills, abstraction/executive functioning, efficiency and attention in working memory (learning, memory), homemaking, sensory-perceptual skills, motor abilities, and social functioning of HIV-1 patients; neurocognitive damage does not follow established criteria for dementia, and it does not meet criteria for delirium [7].



The highest level of severity of the disease corresponds to HAD, which is characterized by significant acquired neurocognitive damage and involves multiple skill domains (at least two), and this causes difficulties in carrying out daily activities (work, life in the workplace, home, social activities) and functional learning of them, and very low attention and concentration to process new information [7]; the pattern of neurocognitive impairment produced by HAD may not follow the criteria for delirium, and although it exists, an MSK scale should be established for dementia when delirium is not present. In PLWH who are drug addicts or who have severe episodes of depression with significant functional difficulties and/or psychosis, the diagnosis of the disease should be made when the patient is not in a depressed state or after 1 month of having stopped using drugs [36].




2.3. Pathology of NeuroAIDS


The pathogenesis of HAND itself is complicated and intricate, and it has been revealed in recent studies that functional alterations in neurons were associated with the pathophysiology of HAND.



Productive HIV infection occurs in perivascular macrophages, MDMs, and microglia [34]. While it is sufficiently established that neuronal injury and loss are correlated with the evolution of HAND manifestations, there is a paucity of available information on the capability of HIV to infect neurons [13,35]. In accordance with the broadly accepted model, in a systemic infection, after at least 1 week, the virus enters the CNS through the BBB, infecting it via a “Trojan horse” pattern [36] (Figure 1). HIV-1 uses infected lymphocyte cells, CD4 + T cells, and monocyte cells, which later differentiate into macrophages [35], to infiltrate, infect, and activate cells that are in direct contact with perivascular macrophages and astrocytic and microglial cells; subsequently, they transmigrate to the perivascular space of the CNS while evading immune detection [37]. Although astrocytes are sensitive to HIV infection, they do not promote productive infection; conversely, perivascular macrophages and microglia are the only cells in the CNS able to support HIV infection in the brain [13,36] (Figure 1). In the setting of HAND, symptoms are correlated with loss of neurons and cellular damage. The importance of secretion by activated microglial cells, macrophages, and astrocytic cells of small metabolite chemokines, inflammatory cytokines, and neurotoxic viral proteins has previously been demonstrated, and they can cause significant neuronal damage and disrupt the BBB, producing a continuous viral influx [38].



A controversial question concerns the ability of HIV to produce infection in neuronal cells, even at low levels, and a large number of studies, since the 1980s and 1990s, have reported the capability of HIV to produce infection in neuronal cells in the CNS in vivo [38]. Important studies utilizing in situ PCR and immunohistochemistry reported the existence of HIV genetic material and antigens in neuronal cells [38]. Additional research isolating neurons from autopsy brain tissues of PLWH utilizing laser capture microdissection (LCM) demonstrated the presence of HIV pro-viral DNA in neuronal cells by PCR [39,40]. Another study used hyperbranched multi-displacement strategies for whole-gene amplification via PCR and analyzed the existence of HIV DNA in neuronal cells from post-mortem brain tissue obtained by LCM [41]. In vitro studies also demonstrated the possibility that HIV-1 could infect human neuronal cells [42]. Nevertheless, authentication of pathologically significant infection of human neurons in vivo remains to be demonstrated. In addition to its existence in the CNS of PLWH, HIV has also been discovered in the CNS and in the developing fetal brain of infected pediatric patients [43].



Sturdevant et al. postulated that HIV-1 likely enters the CSF/CNS at low levels via partial partitioning of viral particles through the BBB, or via background levels of trafficking of immune cells and small numbers of infected CD4+ T cells. Often, in the process of the primary infection, HIV-1 viral RNA levels are elevated within the CNS, and this can be attributed to higher levels of CSF pleocytosis [44]. Thus, the early CNS viral burden may result from the release of the virus from raised numbers of infected CD4+ T cells trafficking into the CNS, responding to local HIV-1 replication in the CNS or another inflammatory condition [45].



There are mainly two models, direct and indirect, to explain the degeneration and development of neurological symptoms in HAND.



The theory postulated by the direct model is that infected cells infiltrate the CNS, secreting viral proteins, and produce neuronal impairment through direct connection with neurons [13,37]. The indirect theory propounds that neuron injury is arbitrated by the inflammatory response provoked by infected and uninfected glial cells within the CNS against viral infection and HIV proteins released by directly infected cells [13,37]. HIV-1 can lead to an inflammatory response produced by the secretion of viral proteins (viral surface glycoprotein 120 (gp120), transactivator of transcription (Tat), and viral protein R (Vpr)), several soluble molecules and cellular products (such as quinolinic and arachidonate acids, adenosine triphosphate (ATP), platelet-activating factor (PAF), excitatory amino acids, superoxide anions, matrix metalloproteases, growth factors, and proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6) and interleukin-1 (IL-1), C-C Motif Chemokine Ligand 2 (CCL2), and Regulated upon Activation, Normal T cell Expressed and Secreted protein (RANTES)) [13,44], and glutamate and nitric oxide (NO) radicals secreted by astrocytic cells, causing their cell death [26,46,47]. There are some molecules that have a neuroprotective effect such as growth factors and β-chemokines, and others that have an adverse neurotoxic role such as excitatory amino acids and other agonists of the N-methyl-D-aspartate glutamate receptor (NMDAR), which also reduce glutamate uptake [13,44].



Stimulation of Nod-like receptor pyrin domain containing 3 (NLRP3) inflammasomes in microglia can be produced by the HIV-1 Tat protein as well as raised caspase-1 and IL-1β levels, which intensify and cause exacerbated inflammation [44]. Moreover, Beclin-1-dependent autophagy activation caused by HIV-1 infection releases the p24 viral protein and cytokines that activate the proinflammation response.



In addition, HIV-1 infection produces damage and dysfunction of mitochondria and oxidative events, with the release of reactive oxygen species (ROS), reactive nitrogen species (RNS), and inducible hypoxia factor (HIF)-1 in microglial cells [44].



Oxidative events produce stresses that increase neuronal apoptosis, even in the absence of HIV-1 infection. It has been found that oxidative stress has a crucial function in a number of other neurodegenerative diseases [48].




2.4. HIV Viral Proteins Involved in Neuropathogenesis


The most profoundly examined and possibly most relevant viral protein is the neurotoxic surface protein gp120; moreover, it is implicated as an important factor in the pathogenesis of HAND.



When the neuronal N-methyl-D-aspartate glutamate receptors (NMDARs) are activated, the phenomenon known as excitotoxicity occurs due to the excess of glutamate, which causes an excessive calcium flow, the formation of free radicals (NO), mitochondrial damage, and ROS generation, concomitant with lipid peroxidation and caspase activation, which causes damage to neurons, dendritic degeneration, and apoptosis [44].



The gp120 protein causes neuronal injury by activation of N-methyl-D-aspartate (NMDA)-coupled NMDARs, resulting in unusually high calcium flow, while Tat phosphorylates NMDARs, which potentiates glutamate excitotoxicity [44]. Both Tat and Vpr have also been shown to be involved in neuronal impairment, with neuronal cell death related to Tat [49]. In addition, gp120 promotes oxidative events and dysfunction, generation of ROS, and raised cerebral endothelial permeability [50].



The gp120 protein has many functions, and among them, it has the ability to produce the release of inflammatory cytokines and neurotoxic components [51] that generate neuron damage in the CNS and some downregulation of tight junction proteins [52]. The entry of the virus and the induction of an effective infection in the cells are promoted by the action of different elements such as the presence of CD4, the chemokine receptor CXC 4 (CXCR4), and the chemokine receptors 3 and 5 (CCR3 and CCR5) mediated by protein kinase C (PKC) coreceptors, in addition to processes such as intracellular calcium secretion [52]. The apoptotic processes are influenced by gp120, which causes dysregulation of calcium homoeostasis, stimulation of oxidative stress, and activation of the proapoptotic transcription factor p53 [53].



Previous studies have revealed a destructive and crucial function of HIV-1 Tat in the development and progression of HIV-1 infection [54], and when the disease is manifested, it is one of the first HIV proteins to be expressed. Several studies have revealed that Tat contributes to neuronal impairment in diverse ways. Tat crosses the BBB because of its ability to modify the expression pattern of proteins critical for the integrity of the endothelial tight junctions [52], and to promote leukocyte infiltration and invasion [53].



In previous studies, Tat was revealed to have cytotoxic and proinflammatory effects that stimulate microglia; synthesize proteins, molecules, and other factors such as monocyte chemoattractant protein type 1 (MCP-1), adhesion molecules of the CAM protein family (V-CAM 1 and I-CAM1), PAF [54], and free radicals; and interfere with molecular mechanisms controlling cyclic adenosine monophosphate (AMP) levels, intracellular calcium concentration, and ion channel expression [54]. The exposure of human astrocytoma cells to the HIV-1 Tat recombinant protein produced high levels of apoptosis compared to untreated cells [54]. In accordance with this finding, cerebral injection of Tat within mice provoked raised Ca2+ v1.2 channels, producing astrogliosis in the cortical region and successive death of cortical neurons, microglial cells, and MDMs [55].



A previous finding reported that Tat can also produce glial fibrillary acidic protein (GFAP) upregulation, which can provoke GFAP aggregation and the production of ROS in astrocytic cells [56]. The HIV-1 Tat protein also has an important function in upregulating the Cx43 human gene, implicated in the CNS gap junctional communication and inducing, if over-expressed, cell death and inflammation, by binding the Cx43 promoter, and thus raising Cx43 mRNA formation [57]. In vitro and in vivo experiments of diverse studies have reported that Tat provokes a strong excitatory state that may intensify the neurotoxic and excitotoxic activities at the presynaptic level [58]. Tat provokes deficiency of post-dendritic synapses as a result of the interference with glutamatergic signals [59], with the presence, within the striatum and midbrain, of levels of the dopamine transporter [60].



HIV-1 Vpr is released from cells infected by HIV-1. This protein is involved in the apoptosis process, presumably through the production of IL1- and interleukin 8 (IL-8), which promote the release of neurotoxins such as matrix metalloproteinases and induce proteins involved in the cell cycle and proapoptosis [58]. This protein activates the release of proinflammatory cytokines, such as TNF-α, IL-1, and IL-8 in MDMs, and presumably can act on the mitogen-activated protein kinase (MAPK) pathway [58].



HIV-1 negative regulatory factor (Nef) is a flexible, multifunctional protein with several cellular targets that is necessary for the pathogenicity of the virus [61]. This protein provokes astroglial cell activation and astrogliosis [62]. Nef favors lysosome permeabilization, stimulating the release of enzymes [63] and the successive cell death of microvascular endothelial cells (MVECs) [64].



Previous reports have also shown that gp120 and Tat were associated with neurotoxicity. The protein gp120 was reported to be toxic to dopamine neuron cultures [64], reducing the capability of neurons to transport dopamine [65]. The toxicity of this protein was first described by Nath et al., 1996 [66].



The full length of Tat has a total length of 86–104 amino acids, and peptide analysis of different overlapping lengths did not yield neurotoxic processes in cultures of primary neurons. After this study, it was investigated whether Tat was toxic to fetal neurons cultures through a calcium-dependent process or by raising oxidative stress. Previous studies utilized direct intra-striatal injections of Tat that result in increased carbonyl formation [67]. Increased gliosis, cellular injury, and neuronal death have been associated with an increase in apoptosis [68]. Alteration of calcium homeostasis, activation of TNF-α, nuclear factor κappa-light-chain-enhancer of activated B cells (NF-κB), and glutamate receptors, and stimulation of NO production are the basis of Tat-mediated neurotoxicity. Similar to Tat, gp120 has been found to provoke neurotoxicity via different pathways. In both in vivo and in vitro experiments, gp120 exposure has been demonstrated to provoke cell death [69]. NMDA decreases gp120-induced toxicity. Stimulation and activation of the NO synthesis pathways have also been shown following the administration of gp120 [69].



The Tat protein interacts with the NMDA receptor that produces high levels of Ca2+/calmodulin-dependent protein kinase II, which reacts with glycogen synthase kinase 3β and causes the death of oligodendrocytes, a reduction in myelin-like membranes in mature oligodendrocytes, and HIV-1 neuropathology [69].



Studies have postulated that the motives of evolution of this infection are multifaceted, as different episodes involve a torrent of pathogenic repercussions. It is an interesting objective to correlate the detected increment in ROS production with the augmented viral load burden in the CNS despite there being several main reasons. Furthermore, patients with late-stage HIV-1 infection have enjoyed benefits from treatment with antioxidant compounds, as these solutions lengthen survival, but they do not stop the ongoing oxidative stress events, either because the phenomena are irreversible or because of the high production of ROS, which may no longer be eliminated by the weakened antioxidant cellular defense processes. Additionally, a specific study stated that because of the extracellular Vpr concentrations that are very low in the early phases of disease compared with the late stages, it is appealing, although speculative, to hypothesize that in the early disease stages, exogenous levels of Vpr are too low to cause immediate detrimental effects, and the observed downstream effects are generated only later during disease progression when Vpr levels rise above this threshold. It is possible, however, that in the early stages, astrocytes, although exposed to subthreshold concentrations of Vpr, might become sensitized to subsequent exposure to Vpr, meaning that lower amounts of Vpr can impair astrocytic functionality [70].



Akiyama et al., 2020 demonstrated that IFN-I-dependent proinflammatory responses in MDMs are generated by HIV icRNA expression alone, although HIV icRNA expression does not generate functional proteins of the virus or virions, such as gp120 and Vpr [71]. Infection with the virus exhibits HIV icRNA nuclear export with Rev mutant deficiency, which does not produce innate immune activation in microglial cells and generates multiple spliced viral RNAs, indicating de novo Tat expression is not the cause of HIV-induced microglia activation. Curiously, HIV icRNA (gag mRNA) has been discovered in the CSF of patients undergoing cART [71], and the precise RNAScope assay has detected the existence of levels of SIV gag mRNA (icRNA)-positive cells in cART-suppressed monkey brains [71]. In addition, these viral icRNA-expressing cells in the CNS (microglial cells) influence the state of neurons in cART-suppressed PLWH and produce inflammatory cytokines. Various cure candidates that eliminate the establishment of HIV icRNA (Rev and Tat inhibitors) [71] might have clinical advantages in suppressing irregular HIV icRNA-induced inflammation and lowering the prevalence of HAND patients undergoing cART [71].




2.5. Inflammation and Role of Mononuclear Phagocytes in HAND


In addition to the direct toxicity of HIV proteins, mononuclear phagocytes, including perivascular macrophages and resident microglial cells, have an important impact on the evolution of the most severe level of HAND: HAD.



Inflammation has a crucial function in the production of phenomena that provoke neurodegeneration in this infection. The entry of HIV into the CNS occurs via the BBB, which is carried out by circulating monocytes in response to the chemotactic signals produced within the parenchyma, and the monocytes are responsible for the stability of the disease in perivascular macrophages of the CNS [41], microglia [34], and astrocytes [72].



Zhou et al. showed that direct HIV-1 infection of CNS macrophages is crucial for HAD establishment and evolution [69]. They discovered broad productive HIV infection in PLWH with accelerated progression of disease, with low cellular infiltration, compared to those who evolved more gradually [69]. Infection within macrophages and CD8+ T cells was found to be common in the deeper midline and mesial temporal structures only in patients with HAD, which exerted effects on cognitive damage during the disease [69].



One question that has not been thoroughly studied is why inflammation within the brain is maintained even when the replication of the virus is restricted by cART [73]. On the one hand, one hypothesis supposes that the inflammatory responses, triggered by HIV, stimulate the proteasome to evolve into an immunoproteasome that obstructs the turnover of folded proteins within cells of the CNS and alters cellular homeostasis and response to stress [74], producing severely damaged neuronal and synaptic protein dynamics, in some way conducive to HAD. The result of an important previous study suggested that immunoproteasomes may be implicated in the control of synaptic proteins in this infection. Successively, synaptosome protein changes related to immunoproteasome generation could produce morphological modifications in the synapto-dendritic arbor, which is related to HAND [74].



It has been reported that an important component of the immunoproteasome, TRIM5α, was independently silenced utilizing siRNA, and the impact on IFNα-induced viral elimination was examined. The useful inter-dependence of the IFNα-activated anti-HIV-1 phenotypes of TRIM5α in humans and the immunoproteasome was established by the reduction in the levels of IFNα elimination that was shown following PA28A silencing in cells that lacked TRIM5α [75]. In spite of the existence of sporadic data of human TRIM5α that affects this infection either by elimination of certain HLA-associated cytotoxic T lymphocyte (CTL) escape mutant viruses or by producing autophagy in Langerhans cells, these data show non-strain-specific inhibition of HIV-1 infection by human TRIM5α. Principally, this study reported that TRIM5α is functional in CD4+ T cells and is dependent on IFNα and stimulation of the immunoproteasome. The IFN levels are high during the acute and chronic phases of natural infection with HIV-1, and it can be supposed that TRIM5α is partly responsible for the HIV-1 immune control in patients, a result with important associations between positive clinical results and raised TRIM5α expression or specific TRIM5α alleles [75].



Additionally, an interesting topic concerns the possible effects of HIV-1 inhibitors on possible immunosurveillance, which depend on the particular role of proteasome and CTL epitope generation as well as on the relative improvements in the CTL response as an antagonist to the recovery of CD4+ lymphocyte cells and antibody production [76] in immunosurveillance. Antiviral drugs with proteasome inhibitory capacity, such as ritonavir/saquinavir, are able to modulate the presentation of Ags to CTLs and may perhaps be exploited further to find new strategies for treatment of autoimmune disease, chronic immunopathologies, or disease caused by transplantation reactions.



On the other hand, another event of permanent CNS inflammation that has been demonstrated is microglial priming from circulating microbial translocation, which results from gut bacteria and a disturbed microbiome. There is evidence that microbial products can transverse to the BBB through different mechanisms. It has also been indicated that CNS inflammation in PLWH undergoing cART could proceed from a debilitated pattern of immune reconstitution inflammatory syndrome [77].



Morbidity and mortality in HIV infection are mainly due to microbial translocation, probably due to the persistent inflammation that it produces and maintains [78,79]. The relationships between disease progression, microbial translocation, and mortality do not depend on viral inhibition by ART in PLWH [80]. Different studies have shown direct correlations between plasma levels of LPS (lipopolysaccharide from the surface of Gram-negative bacterial–microbial translocation products) in residual viremia of PLWH, stimulation of CD38+HLA-DR+ CD8+ T cells, and stimulation of monocytes, interferon-sensitive genes such as MxA, and proinflammatory cytokines such as IFN-α, IL-6, and TNFα.



LPS levels and/or bacterial DNA levels have a direct association with other biomarkers of microbial translocation and innate immune activation, such as soluble CD14 (released by monocytes of bacterial stimulation), LPS-binding protein (LBP), and endotoxin. There are many inflammatory events that occur during HIV infection (virus replication, opportunistic infections, etc.). Studies in which no association with HIV was explored showed that microbial translocation and inflammation are associated. In idiopathic CD4 lymphocytopenia (ICL), LPS is found at high levels and is related to the proliferation of CD4 + T cells; in the colon in uninfected pig-tailed macaques, LPS levels were related to the interferon-responsive MxA gene in the GI tract [80], which shows that microbial products can directly activate inflammatory responses.



According to a recent study, increased neuropathy can occur due to control of viral replication in the brain and the loss of immune stimulation by the gut microbiota. Therefore, the loss of protective resident microbes can lead to CNS dysfunction [79].



LPSs that are sufficient to prime microglial cells for antigens presented to efficiently eliminate the virus have been implicated in CNS maturation [79,80]. Toll-like receptors (TLRs), expressed by microglial cells, are thought to act only during infection. It has been shown that the microbiota regulates microglial cell function through TLR-4, which prepares these cells to attack an infection. Microglial cells evolve early in embryogenesis from the progenitors of the yolk sac; however, unlike macrophages, microglial cells live long, without any support from circulating blood cells [79]. In addition, Toll Like Receptor 4 (TLR4) exists in the intestinal microbial products that are circulating in the blood and could thus reach the brain [81]. Evidence exists showing that the microglial cell signaling of TLR4 causes stimulation of the microglial cells, and that signals from the gut microbiota can be transferred to the brain from the enteric nervous system [75]. Actually, it has been reported that enteroendocrine cells have neuropods (axon-like basal structures that contain neurofilaments, which are typical structural proteins of axons) that are connected to neurons and are capable of transferring signals to the brain [81]. Brown et al. administered LPS orally, and this administration blocked effects of gastrointestinal exposure, but oronasal–pharyngeal and pneumonic exposure may occur as well. In relation to this topic, dissimilarities detected between feeding mice LPS alone and in combination with a TLR1/2 ligand (Pam3CysK4) indicate that further investigations are necessary to study the interaction between multiple TLR ligands on microglial cell function and response to infection. Furthermore, in this study, it could not be completely ruled out that there is a contribution from cells of gut-resident CX3CR1 to this phenotype or other migrating DC cells [82]. Important studies have indicated that cells of the gut could reach the CNS, and that there is a population of long-lived CX3CR1 cells in the gut [83]. Other studies postulated that disruption of the gut epithelial barrier may allow unregulated translocation of gut microbes into the lamina propria. Thus, factors of bacteria can penetrate the gut-associated lymphoid tissues (GALT) and lumen of the blood, where they communicate with various immune cells and can trigger effector-type T cell differentiation [84]. Regulatory T cells that survey the GALT, blood, and CSF and modifications to the local microbiome can promote T cell brain penetration. Factors of bacteria could upregulate inflammatory cytokine levels, alter BBB integrity, and produce inflammation [80]. Additionally, factors of bacteria can produce LPSs and can regulate endothelial TLRs to produce brain inflammation and infection within the CNS [84,85].



Additional future investigations remain to be executed to examine how gut microbes affect distal CNS events.



The clinical conclusions of these findings reveal that immunostimulatory LPSs are derived from the microbiota, and the structure of the microbiota and the immune stimulatory products being released by the microbiota likely dictate the maturation of microglial cells in the brain. In addition, fatty acids that can be generated by the microbiota are also able to bind TLR4 and might establish other agonists [86,87]. As microglial cells can modify the role of neuron cells, these data propose that microbial control of microglial cells could affect the activity and duty of neurons [88,89].





3. The CNS as a Viral Reservoir for HIV Persistence


The CNS is considered as an immune reservoir site in which persistent infections occur, which dampens efforts focused on developing eradication strategies. The different criteria to consider the CNS as a reservoir of HIV-1 include the following: (i) it can incorporate an integrated virus; (ii) HIV-1 is maintained in a latent condition; (iii) and the virus, with significant abundance, is capable of replicating within long-lived cells resident in the CNS [82]. Furthermore, specific proteins of HIV-1 (Tat, Rev, and Nef) can be generated without virion generation [90].



Certainly, to achieve a real sterilizing cure, the latent HIV harbored in the brain should be eradicated since it can be re-stimulated and then reseed a systemic infection. In vivo, HIV dissemination in the CNS occurs in perivascular macrophages and microglial cells [90]. Previous studies have identified viral particles in the brains of PLWH with non-detectable viral load in the plasma and cerebrospinal fluid (CSF) [91]. Moreover, it has been shown that viruses in the CNS have singular long terminal repeat (LTR) promoters which have mutations in the Sp motif next to NF-κB binding sites, which fosters viral latency [92]. Perivascular macrophages, microglia, and astrocytes (target cells in the CNS) have long half-lives that permit the virus to linger within brain cells and allow the preservation of the brain reservoir of HIV-1. Lastly, the recurrence of CNS cell infection has been explored in recent studies that examined macrophages and microglial and astrocytic cells. PLWH without neurocognitive damage presented infection in 17%, 14%, and 11% of macrophages and microglial and astrocytic cells, respectively, and PLWH with injured neurocognitive condition showed infection in 30%, 9%, and 19%, respectively [93]. Then, other studies on infected brain tissues also showed that the frequency of HIV-1 infection is more elevated at or close to blood vessels than in regions further away from the vessels [94,95]



Trials based on raltegravir escalation were characterized by the presence of a low level of HIV within the CNS during suppressive cART. In one report, blood and CSF samples of HIV-1 patients were used, and CSF HIV RNA below 50 copies/mL were re-assessed with a precise single-copy assay. Approximately 76% of patients had detectable plasma HIV RNA, and 6% of HIV-infected persons had detectable CSF HIV RNA, by a single-copy assay [96], showing, in cognitively balanced PLWH, low-level replication of HIV within the CNS, which was undetectable by standard methods. In patients without symptoms, variations between blood and CSF HIV RNA levels have been noticed [96].



Previous in vivo studies based on simian immunodeficiency virus (SIV) models have demonstrated strong confirmation of the persistence of SIV DNA after extended elimination of virus replication with cART [97]; other studies showed the important role of macrophage populations for the productive infection of HIV, with utilization of BrdU labeling and biomarkers for the differentiation of macrophages [98].



Numerous research works of HIV-RNA levels in the CSF have also revealed the existence of latent infection in the CNS despite plasma virus elimination being below measurable clinical limits. This event is known as CSF viral escape and aids the role of reservoirs within the brain [97]. This event can happen in 5–10% of cART recipients, is related to immune stimulation and major depressive disorder [99], and most likely derives from local reservoirs of HIV-1 [91]. Good knowledge of CSF viral escape could contribute to obtaining crucial observations about infection in the brain involving the different types of cells in the CNS provoking permanent HIV infection, and could be key to the successful eradication of both latent and productive HIV from the CNS [92]. However, analysis of CSF viral escape is restricted in all contexts by its relatively low prevalence and the requirement for a lumbar puncture for examination [100].



3.1. Compartmentalization of HIV within the CNS


The development of compartmentalization of HIV in the CNS starts with divergent development from a systemic virus, produced in genetically unconnected viral strains in the brain [101]. This phenomenon usually starts in primary HIV infection and has also been related to the evolution of cognitive damage [102]. The genetic flow limited to HIV and evolution and divergence from the virus which spreads in the peripheral blood are caused by anatomical sites called compartments. In this way, the virus is protected from determined immune responses, variations in biochemical levels, and different antiretroviral treatments, generating an ideal situation for interactions between the pathogen and host.



The existence of diverse virus populations of HIV in the CNS from patient autopsy samples, such as CFS, brain tissues, or blood [101], has been demonstrated. HIV-1 virus variations in CSF versus blood have been explained by different theories that postulate [102] (Figure 2) three levels of the virus in the CSF compared with the blood: equilibrated (where viral populations in the blood and CSF are analogous), compartmentalized (where the virus in the blood and CSF viral populations are very different, expressing independent evolution of populations in these compartments), and clonal amplification (where a unique variant is largely extended within a compartment) [103] (Figure 2).



Viral compartmentalization, diverse in viral populations at the genetic level, can be identified in the CSF/CNS during the progression of infection, and replication occurs in the periphery [104]. Two important classifications of compartmentalization have been explored in previous studies [105]. The first is clonal amplification, characterized by the fast growth of genetically analogous variants producing a CSF viral population of minor complications. These viral populations demand elevated levels of CD4 for entry and are CCR5 (R5)-using T cell-tropic viruses [106] (Figure 2). Clonally amplified populations have been discovered as early as two to six months post-infection during the primary infection [107]. Another more complicated classification of CSF viral compartmentalization has also been described, frequently made up of macrophage-tropic viruses. These more genetically complex populations frequently coincide with a prolonged time since virus infection, demonstrative of a more extensive stage of isolated replication and development of the population and entry phenotype [108].



Regarding the compartmentalized HIV-1 populations, R5 T cell-tropic viruses are clonally amplified and associated with cell death, and macrophage-tropic viruses are associated with a high possibility of having neurocognitive disorders, although macrophage-tropic viruses are clearly genetically diverse, since they are capable of infecting cells with low CD4 expression on the surface. This does not happen with macrophages from healthy donors since they have a high variability [108]. R5 T cell-tropic and macrophage-tropic populations can be seen in the early evolution of viruses: for example, in samples of CFS from infants that use lower levels of CD4 to become macrophage-tropic compartmentalized [108]. The detection of these compartmentalized populations is very important because these can occur in infected patients without signs of cognitive neurodeficiency [109]. One study by Sturdevant et al. revealed compartmentalization of a CSF/CNS lineage of the virus that had been settled less than six months post-infection and remained for at least two years [106]. It has also been demonstrated that under conditions of primary infection, in different moments after infection, diverse compartmentalized populations within the CNS have been found, leading to the belief that even when compartmentalized populations are not conserved, the CNS can produce a propitious environment for infection [109].



The significance of the adequate penetrance of diverse drugs into the brain is a subject of further study [110], and it has been fully corroborated that lower concentrations of antiretroviral drugs in the CNS do not achieve optimal virological suppression. There are few pharmacological studies of cART with respect to tissue macrophages. A more greatly elevated maximal effective concentration (EC50) in macrophages than in lymphocyte cells might diminish cART effectiveness in these cells [111]. In addition, a reasonable percentage of astrocytes isolated from post-mortem brain tissues of HIV+ patients demonstrated integrated HIV [112]. The capability of HIV-1 to integrate into terminally differentiated astrocytic cells indicates a stable reservoir of a pro-virus in the CNS that affects the evolution and achievements of therapies involved in the eradication of HIV-1 [41,113].




3.2. Towards Strategies for the Eradication of CNS Reservoirs


Numerous studies have explored the presence of a unique viral reservoir in the CNS. The CNS poses important challenges for eradication procedures. The first step is to reach the target CNS reservoir during eradication strategies and identify efficient drugs for the stimulation of HIV-1 in non-CNS compartments that can appropriately pass through the BBB [91]. Due to the fact that the CNS is an immune-advantaged compartment, cART does not have effective ingress through the BBB and efficiency within the CNS [114]. Previously, lamivudine, stavudine, and zidovudine acted by favoring the decrease in CNS cells; however, at present, other antiretroviral drugs such as protease inhibitors are an important component of cART, where targeting the CNS sanctuary of HIV with new protease inhibitors capable of crossing the BBB and interrupting HIV in the brain may be key to treating or even preventing HAND [110].



Lamivudine, stavudine, and zidovudine are used in neuro-cART regimens, but there are studies that demonstrated that the antiviral action of them is not the optimal strategy to treat HIV-1 CNS infection in different cell types of the CNS, including perivascular macrophages, microglia, and astrocytes.



The pivotal role of astrocytic cells is critical in functions related to the homeostasis of extracellular K+ and intracellular Ca2+, permeability of the BBB, and clearance of glutamate, and neuro-cART regimens could induce astrocytic cells to alleviate cognitive damage. HIV-1 infection in astrocytic cells can cause astrocytosis, and apoptosis of neuronal cells with gp120-mediated and Tat-mediated neurotoxicity. Both of these HIV-1 proteins are responsible for severe neurotoxicity in the CNS [108]. There is evidence that suggests that Nef is released into neurons by extracellular vesicles and also contributes to the neurotoxicity related to HAND (which, in turn, compromises autophagy) [110].



There are drugs such as maraviroc, darunavir, and raltegravir that are able to block MMP-2 and MMP-9 with non-toxic levels for astrocytes [110].



Darunavir is an FDA-approved protease inhibitor, widely used in the treatment of PLWH, with a significantly greater virological response and immunological benefits compared to the standard of care. Ghosh et al. realized that a structure-based modification resulted in very potent brain-penetrating protease inhibitors, namely, GRL-04810 and GRL-05010 [111]. They also designed other inhibitors such as GRL-0739 and GRL-10413, which show BBB efficacy. Data from these studies suggest that GRL-04810, GRL-05010, GRL-0739, and GRL-10413 have several advantages: (a) they form extended connections with the residues in the active site of HIV-1 proteases, leading to excellent antiviral activity against a broad spectrum of drug-resistant HIV-1 isolates and variants; (b) the hydrophobic interactions and logD values indicate a very good lipophilicity profile; and (c) they can efficiently penetrate the BBB and retain their activity [111]. Therefore, they possess desirable features as drugs suitable for treating PLWH with wild-type and/or multidrug-resistant HIV-1 variants. The current findings warrant further consideration of these novel PIs for the therapy of HIV/AIDS. It is necessary to evaluate their other drug properties, including their pharmacokinetics, pharmacodynamics, and oral bioavailability, in the clinical setting [111].




3.3. CNS Penetration Effectiveness (CPE) Scoring System


Antiretroviral drugs have been classified in accordance with a CNS penetration effectiveness (CPE) scoring system, which is a graduate system scored from 1 to 4, with 1 being less advantageous and 4 the most helpful [111] (Table 1).



Active cART involves cART plans that have a minimum combined CPE score of eight or more [10]. Hence, cART with a CPE score of at least 8 or more must be used to guarantee its effectiveness in the CNS and the impediment of the establishment of de novo infection [111,113]. Gray et al. showed that viruses from different compartments display distinct behaviors and responses to antiretroviral drugs, with brain viruses being less responsive than, for example, blood viruses [109]. In the end, in the choice of an efficient ARV, it is important to guarantee immunity, and to ensure that it is effective in the elimination of any cell that harbors the reactivated virus. In contrast with other body organs, the CNS holds a modified immune system due to its immune-favored condition [92,111]. In summary, the studies explored in this research demonstrate that a cure approach based on antiretroviral drugs, with CNS bioavailability and effectiveness to eradicate the CNS viral reservoirs and implicate the increase in and promotion of the CNS immune system to help viral depuration, is necessary. Nevertheless, this would have to be adjusted with care to prevent CNS immune reconstitution inflammatory syndrome.



The CPE rank is intended to be a practical strategy to estimate the CNS effectiveness of ART drug regimens taken by PLWH. There are several limitations, which have been evaluated between the CPE score and neurocognitive outcomes, resulting in inconclusive data and variations in the from studies, which used the same cART regimens in the CSF of PLWH. In summary, there are multifactorial causes behind CNS drug penetration [112]. Lately, more data have been included in the CPE rank as the levels of a determinate drug, in previous clinical studies, could improve neurocognitive impairment, i.e., its effectiveness in the CNS. Although the validity of suppression of HIV levels in CSF as a surrogate for novel treatments of the brain is unknown, substantial evidence supports it [112]. Data from important studies suggest that the CNS effectiveness of ART regimens could be considerably improved for a significant proportion of those receiving ART. Important challenges to alleviate neurologic damage of disease could include ameliorated therapies to treat infection of HIV-1 in the brain [115].





4. Conclusions


HAND is a debilitating and devastating complication of HIV infection. Success with cART continues to improve life expectancy, but with increasing age, manifestations of neurocognitive disorder in HIV/AIDS patients are increasing. Since HIV-1 protease inhibitors are an important component of ART regimens, targeting the CNS sanctuary of HIV with new protease inhibitors capable of crossing the BBB and interrupting HIV in the brain may be key to treating or even preventing the more severe form of HAND: HAD. Darunavir is an FDA-approved protease inhibitor widely used in PLWH, with a significantly greater virological response and immunological benefits compared to the standard of care. Protease inhibitors possess desirable features as drugs suitable for treating PLWH with wild-type and/or multidrug-resistant HIV-1 variants.



In addition, it is important to know that, although HAD is notable and this dementia has decreased substantially, most PLWH with HAND have a state of stability. Abnormalities in the CNS persist in PLWH even with systemic viral suppression. Several biomarkers of inflammation (neopterin) and markers of active axonal or neuronal injury and oxidative stress, among others, remain elevated in cART-treated PLWH with HAND. The lack of solutions for HAND in PLWH on therapy reveals a requirement for adjunctive approaches that go beyond the effects of cART. Novel studies demonstrated that a poloxamer-PLGA nano-formulation loaded with elvitegravir (EVG), a commonly utilized ART drug, is an efficient delivery method for EVG. The PLGA-EVG nanoparticles showed a positive stable state and a significant transmigration across an in vitro BBB model. PLGA-EVG nanoparticles indicated enhanced elimination of the virus in macrophages infected by HIV-1 after crossing the BBB model [116]. Another example using in vitro models used for the BBB in HIV infections in the CNS was postulated by Kodidela, S. et al., showing that cucurbitacin-D reduces HIV replication directly as well as across the BBB models. It is also effective against cigarette smoke condensate-induced HIV replication. This study provides the potential for cucurbitacin-D to be developed as an adjuvant therapy in HIV treatment. It may be utilized not only to eliminate HIV in the CNS but also to diminish the toxicity within the CNS of currently existing ART drugs [117]. These in vitro models include a subset of circulating immune cells, such as T cells and macrophages. Two of the major cellular reservoirs of latent HIV-1 in the brain are microglia and macrophages.



Furthermore, another important topic is the direct effects of HIV on neurons that are produced by proteins of the virus, induced by cells with HIV-1, and can damage neurons. However, focus should also be placed on indirect effects when neuronal cells are injured not only by the contact with viral proteins but also by inflammatory toxicity induced by astrocytic cells and microglia.



Finally, the existence of different clinical histories such as methamphetamine abuse is correlated with enhanced HIV-1 replication, increased gp120- and Tat-mediated neurotoxicity, and cognitive damage. In general, use of illegal substances is considered a potential potentiator of HAND. Promising therapeutic developments are being evaluated to find clinically approved treatments.




5. Future Directions


Infection of the CNS can be caused by the capability of HIV to cross the BBB. Infection of this compartment involves macrophages, which have a critical function in the neurodegeneration event, releasing inflammatory cytokines, proteins of HIV-1, and neurotoxins.



There are some studies that have demonstrated an evidence connection between microbial translocation and systemic immune stimulation, and this evidences that macrophage and microglia stimulation is related to the evolution of HIV disease. It has been evidenced that increased LPS levels, with high levels of macrophage and microglia activation, represent interrelated risk factors for HAND. Subsequently, bacterial products induce different signaling routes of pro- and anti-inflammatory TLRs, and the equity between them may affect the evolution of HAND. Novel methods to downmodulate LPS-induced macrophage stimulation could provide new strategies for anti-HIV and HAND therapy. Additionally, abolishing this immune activation occurs in brain compartments since the CNS remains one of the principal barriers to HIV-1 eradication and can block infection evolution beyond that restricted by ART.



Cells within the CNS have a restricted ability to replace and remove many types of cells with HIV-1 from the CNS, which may cause neurocognitive impairment and lead to bad results in PLWH. It is necessary to study novel markers applicable to monitoring reactivation or eradication of infected cells by the virus, securely and without difficulty. The total characterization of the CNS reservoir and the evolution of suitable markers to quantitate and monitor the CNS reservoir are important to the efficacious and secure elimination of HIV-1.



There are still gaps in this topic, and thus we should concentrate future efforts on further studies that shed light on this. Defining improved strategies for analyzing and evaluating HIV-1 repositories in the CNS and assessing the connections between drugs, brain penetration, and diffusion of drugs crossing the BBB and into the brain will be important points of reference in the effort to eradicate viral populations and permanent reservoirs throughout the body.
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Abbreviations




	HIV-1
	Human immunodeficiency virus 1



	RNA
	ribonucleic acid



	cART
	combined antiretroviral therapies



	CNS
	central nervous system



	HAND
	HIV-associated neurocognitive disorders



	PLWH
	people living with HIV



	APP
	amyloid beta precursor protein



	IGF-2
	insulin-like growth factor-2



	MAP2
	microtubule-associated protein 2



	MEK-ERK
	mitogen-activated protein kinase/extracellular signal-regulated kinase



	MDM
	monocyte-derived macrophages



	BBB
	blood brain barrier



	HCV
	Hepatitis C Virus



	AIDS
	Acquired Immune Deficiency Syndrome



	START
	Strategic Timing of Antiretroviral Therapy



	ANI
	asymptomatic neurocognitive impairments



	MND
	mild neurocognitive disorders



	HAD
	HIV-associated dementia



	LCM
	Laser Capture Microdissection



	gp120
	viral surface glycoprotein 120



	Tat
	Trans-Activator of Transcription



	Vpr
	viral protein R



	ATP
	Adenosine Triphosphate



	PAF
	platelet activating factor



	TNF-α
	Tumor Necrosis Factor-alpha



	IL-6
	Interleukin-6



	IL-1
	Interleukin-1



	NO
	nitric oxid



	NMDA
	N-methyl-D-aspartate glutamate



	NMDAR
	N-methyl-D-aspartate glutamate receptor



	CCR5/CXCR4
	CC-chemokine receptor 5/CXC-chemokine receptor 4



	PKC
	protein kinase C



	MCP-1
	Monocyte chemoattractant protein type 1



	AMP
	Cyclic Adenosine Monophosphatec



	GFAP
	Glial Fibrillary Acidic Protein



	IL-8
	nterleukin-8



	MAPK
	mitogen-activated protein kinase



	Nef
	Negative Regulatory Factor (Nef)



	MVECs
	Microvascular Endothelial Cells



	CSF
	cerebrospinal fluid



	LTR
	long terminal repeat



	NF-κB
	Nuclear Factor κappa-light-chain-enhancer of activated B cells



	SIV
	simian immunodeficiency virus



	TLR4
	Toll Like Receptors 4



	EC50
	effective concentration



	CPE
	CNS penetration-effectiveness







References


	



Law, K.M.; Satija, N.; Esposito, A.M.; Chen, B.K. Cell-to-cell spread of HIV and viral pathogenesis. Adv. Virus Res. 2016, 95, 43–85. [Google Scholar]

	



DiNapoli, S.; Ortiz, A.M.; Wu, F.; Matsuda, K.; Twigg, H.L.; Hirsch, V.M.; Knox, K.; Brenchley, J.M. Tissue-resident macrophages can contain replication-competent virus in antiretroviral-naive, SIV-infected Asian macaques. JCI Insight 2017, 2, e91214. [Google Scholar] [CrossRef] [PubMed]

	



Aquaro, S.; Ronga, L.; Pollicita, M.; Antinori, A.; Ranazzi, A.; Perno, C.F. Human immunodeficiency virus infection and acquired immunodeficiency syndrome dementia complex: Role of cells of monocyte-macrophage lineage. J. Neurovirol. 2005, 11 (Suppl. 3), 58–66. [Google Scholar] [CrossRef]

	



Borrajo, A.; Ranazzi, A.; Pollicita, M.; Bruno, R.; Modesti, A.; Alteri, C.; Perno, C.F.; Svicher, V.; Aquaro, S. Effects of Amprenavir on HIV-1 Maturation, Production and Infectivity Following Drug Withdrawal in Chronically-Infected Monocytes/Macrophages. Viruses 2017, 9, 277. [Google Scholar] [CrossRef]

	



Borrajo, A.; Ranazzi, A.; Pollicita, M.; Bellocchi, M.C.; Salpini, R.; Mauro, M.V.; Ceccherini-Silberstein, F.; Perno, C.F.; Svicher, V.; Aquaro, S. Different Patterns of HIV-1 Replication in MACROPHAGES is Led by Co-Receptor Usage. Medicina 2019, 55, 297. [Google Scholar] [CrossRef] [PubMed]

	



Del Palacio, M.; Álvarez, S.; Muñoz-Fernández, M. HIV-1 infection and neurocognitive impairment in the current era. Rev. Med. Virol. 2012, 22, 33–45. [Google Scholar] [CrossRef]

	



Scutari, R.; Alteri, C.; Perno, C.F.; Svicher, V.; Aquaro, S. The Role of HIV Infection in Neurologic Injury. Brain Sci. 2017, 7, 38. [Google Scholar] [CrossRef] [PubMed]

	



Thurgur, H.; Pinteaux, E. Microglia in the Neurovascular Unit: Blood-Brain Barrier-microglia Interactions After Central Nervous System Disorders. Neuroscience 2019, 405, 55–67. [Google Scholar] [CrossRef]

	



Kranick, S.M.; Nath, A. Neurologic complications of HIV-1 infection and its treatment in the era of antiretroviral therapy. Continuum 2012, 18, 1319–1337. [Google Scholar] [CrossRef]

	



Decloedt, E.H.; Rosenkranz, B.; Maartens, G.; Joska, J. Central nervous system penetration of antiretroviral drugs: Pharmacokinetic, pharmacodynamic and pharmacogenomic considerations. Clin. Pharmacokinet. 2015, 54, 581–598. [Google Scholar] [CrossRef] [PubMed]

	



Shah, A.; Gangwani, M.R.; Chaudhari, N.S.; Glazyrin, A.; Bhat, H.K.; Kumar, A. Neurotoxicity in the post-HAART era: Caution for the antiretroviral therapeutics. Neurotox. Res. 2016, 30, 677–697. [Google Scholar] [CrossRef]

	



Mollace, V.; Salvemini, D.; Riley, D.P.; Muscoli, C.; Iannone, M.; Granato, T.; Masuelli, L.; Modesti, A.; Rotiroti, D.; Nisticó, R.; et al. The contribution of oxidative stress in apoptosis of human-cultured astroglial cells induced by supernatants of HIV-1-infected macrophages. J. Leukoc. Biol. 2002, 71, 65–72. [Google Scholar]

	



Aquaro, S.; Borrajo, A.; Pellegrino, M.; Svicher, V. Mechanisms underlying of antiretroviral drugs in different cellular reservoirs with a focus on macrophages. Virulence 2020, 11, 400–413. [Google Scholar] [CrossRef]

	



Chai, Q.; Jovasevic, V.; Malikov, V.; Sabo, Y.; Morham, S.; Walsh, D.; Naghavi, M.H. HIV-1 counteracts an innate restriction by amyloid precursor protein resulting in neurodegeneration. Nat. Commun. 2017, 8, 1522. [Google Scholar] [CrossRef]

	



Chai, Q.; Jovasevic, V.; Malikov, V.; Sabo, Y.; Morham, S.; Walsh, D.; Naghavi, M.H. Yes, it is time to reconsider how we rate cognitive impairments in HIV disease. Neuroepidemiology 2013, 41, 217–218. [Google Scholar]

	



Thakur, K.T.; Boubour, A.; Saylor, D.; Das, M.; Bearden, D.R.; Birbeck, G.L. Global HIV neurology: A comprehensive review. AIDS 2019, 33, 163–184. [Google Scholar] [CrossRef]

	



Rosenthal, J.; Tyor, W. Aging, comorbidities, and the importance of finding biomarkers for HIV-associated neurocognitive disorders. J. Neurovirol. 2019, 5, 673–685. [Google Scholar] [CrossRef] [PubMed]

	



Aquaro, S.; Panti, S.; Caroleo, M.C.; Balestra, E.; Cenci, A.; Forbici, F. Primary macrophages infected by human immunodeficiency virus trigger CD95-mediated apoptosis of uninfected astrocytes. J. Leukoc. Biol. 2000, 68, 429–435. [Google Scholar] [PubMed]

	



Sacktor, N. Changing clinical phenotypes of HIV-associated neurocognitive disorders. J. Neurovirol. 2018, 24, 141–145. [Google Scholar] [CrossRef] [PubMed]

	



Saylor, D.; Dickens, A.M.; Sacktor, N.; Haughey, N.; Slusher, B.; Pletnikov, M.; Mankowski, J.L.; Brown, A.; Volsky, D.J.; McArthur, J.C. HIV-associated neurocognitive disorder--pathogenesis and prospects for treatment. Nat. Rev. Neurol. 2016, 12, 234–248, Erratum in Nat. Rev. Neurol. 2016, 12, 308. [Google Scholar] [CrossRef] [PubMed]

	



DeVaughn, S.; Müller-Oehring, E.M.; Markey, B.; Brontë-Stewart, H.M.; Schulte, T. Aging with HIV-1 Infection: Motor Functions, Cognition, and Attention—A Comparison with Parkinson’s Disease. Neuropsychol. Rev. 2015, 25, 424–438. [Google Scholar] [CrossRef] [PubMed]

	



Khalili, K.; White, M.K.; Jacobson, J.M. Novel AIDS therapies based on gene editing. Cell Mol. Life Sci. 2017, 74, 2439–2450. [Google Scholar] [CrossRef] [PubMed]

	



Ojha, C.R.; Lapierre, J.; Rodriguez, M.; Dever, S.M.; Zadeh, M.A.; DeMarino, C.; Pleet, M.L.; Kashanchi, F.; El-Hage, N. Interplay between Autophagy, Exosomes and HIV-1 Associated Neurological Disorders: New Insights for Diagnosis and Therapeutic Applications. Viruses 2017, 9, 176. [Google Scholar] [CrossRef]

	



Kwarteng, A.; Ahuno, S.T.; Kwakye-Nuako, G. The therapeutic landscape of HIV-1 via genome editing. AIDS Res. Ther. 2017, 14, 32. [Google Scholar] [CrossRef]

	



Marban, C.; Forouzanfar, F.; Ait-Ammar, A.; Fahmi, F.; El Mekdad, H.; Daouad, F.; Rohr, O.; Schwartz, C. Targeting the Brain Reservoirs: Toward an HIV Cure. Front. Immunol. 2016, 7, 397. [Google Scholar] [CrossRef] [PubMed]

	



Svicher, V.; Marchetti, G.; Ammassari, A.; Ceccherini-Silberstein, F.; Sarmati, L. Impact Study Group. Novelties in Evaluation and Monitoring of Human Immunodeficiency Virus-1 Infection: Is Standard Virological Suppression Enough for Measuring Antiretroviral Treatment Success? AIDS Rev. 2017, 19, 119–133. [Google Scholar] [CrossRef]

	



Ding, Y.; Duan, S.; Ye, R.; Yang, Y.; Yao, S.; Wang, J.; Cao, D.; Liu, X.; Lu, L.; Jia, M. More improvement than progression of liver fibrosis following antiretroviral therapy in a longitudinal cohort of HIV-infected patients with or without HBV and HCV co-infections. J. Viral Hepat. 2017, 24, 412–420. [Google Scholar] [CrossRef]

	



Tsegaw, M.; Andargie, G.; Alem, G.; Tareke, M. Screening HIV-associated neurocognitive disorders (HAND) among HIV positive patients attending antiretroviral therapy in South Wollo, Ethiopia. J. Psychiatr Res. 2017, 85, 37–41. [Google Scholar] [CrossRef] [PubMed]

	



Cole, J.H.; Underwood, J.; Caan, M.W.; De Francesco, D.; Van Zoest, R.A.; Leech, R.; Wit, F.W.; Portegies, P.; Geurtsen, G.; Schmand, B.A.; et al. Increased brain-predicted aging in treated HIV disease. Neurology 2017, 88, 1349–1357. [Google Scholar] [CrossRef]

	



Hellmuth, J.; Milanini, B.; Valcour, V. Interactions between ageing and NeuroAIDS. Curr. Opin. HIV AIDS 2014, 9, 527–532. [Google Scholar] [CrossRef]

	



Brew, B.J.; Crowe, S.M.; Landay, A.; Cysique, L.; Guillemin, G. Neurodegeneration and ageing in the HAART era. J. Neuroimmune Pharmacol. 2009, 4, 163–174. [Google Scholar] [CrossRef]

	



Sacktor, N.; Skolasky, R.L.; Moxley, R.; Wang, S.; Mielke, M.M.; Munro, C.; Steiner, J.; Nath, A.; Haughey, N.; McArthur, J. Paroxetine and fluconazole therapy for HIV-associated neurocognitive impairment: Results from a double-blind, placebo-controlled trial. J. Neurovirol. 2017, 24, 16–27. [Google Scholar] [CrossRef]

	



Steiner, J.P.; Bachani, M.; Wolfson-Stofko, B.; Lee, M.-H.; Wang, T.; Li, G.; Li, W.; Strayer, D.; Haughey, N.J.; Nath, A. Interaction of paroxetine with mitochondrial proteins mediates neuroprotection. Neurotherapeutics 2015, 12, 200–216, Erratum in Neurotherapeutics 2016, 13, 237. [Google Scholar] [CrossRef] [PubMed]

	



Gates, T.M.; Cysique, L.; Siefried, K.J.; Chaganti, J.; Moffat, K.J.; Brew, B. Maraviroc-intensified combined antiretroviral therapy improves cognition in virally suppressed HIV-associated neurocognitive disorder. AIDS 2016, 30, 591–600. [Google Scholar] [CrossRef] [PubMed]

	



Kim, B.-H.; Kelschenbach, J.; Borjabad, A.; Hadas, E.; He, H.; Potash, M.J.; Nedelcovych, M.T.; Rais, R.; Haughey, N.J.; McArthur, J.C.; et al. Intranasal insulin therapy reverses hippocampal dendritic injury and cognitive impairment in a model of HIV-associated neurocognitive disorders in EcoHIV-infected mice. AIDS 2019, 33, 973–984. [Google Scholar] [CrossRef]

	



Saloner, R.; Cysique, L.A. HIV-Associated Neurocognitive Disorders: A Global Perspective. J. Int. Neuropsychol. Soc. 2017, 23, 860–869. [Google Scholar] [CrossRef] [PubMed]

	



Borrajo, A.; Spuch, C.; Penedo, M.A.; Olivares, J.M.; Agís-Balboa, R.C. Important role of microglia in HIV-1 associated neurocognitive disorders and the molecular pathways implicated in its pathogenesis. Ann. Med. 2021, 53, 43–69. [Google Scholar] [CrossRef]

	



Bandera, A.; Taramasso, L.; Bozzi, G.; Muscatello, A.; Robinson, J.A.; Burdo, T.H.; Gori, A. HIV-Associated Neurocognitive Impairment in the Modern ART Era: Are We Close to Discovering Reliable Biomarkers in the Setting of Virological Suppression? Front. Aging Neurosci. 2019, 11, 187. [Google Scholar] [CrossRef]

	



Eggers, C.; Arendt, G.; Hahn, K.; Husstedt, I.W.; Maschke, M.; Neuen-Jacob, E.; Obermann, M.; Rosenkranz, T.; Schielke, E. HIV-1-associated neurocognitive disorder: Epidemiology, pathogenesis, diagnosis, and treatment. J. Neurol. 2017, 264, 1715–1727. [Google Scholar] [CrossRef]

	



Liu, N.Q.; Lossinsky, A.S.; Popik, W.; Li, X.; Gujuluva, C.; Kriederman, B.; Roberts, J.; Pushkarsky, T.; Bukrinsky, M.; Witte, M.; et al. Human Immunodeficiency Virus Type 1 Enters Brain Microvascular Endothelia by Macropinocytosis Dependent on Lipid Rafts and the Mitogen-Activated Protein Kinase Signaling Pathway. J. Virol. 2002, 76, 6689–6700. [Google Scholar] [CrossRef]

	



Cho, Y.E.; Lee, M.H.; Song, B.J. Neuronal cell death and degeneration through increased nitroxidative stress and tau phosphorylation in HIV-1 transgenic rats. PLoS ONE 2017, 12, e0169945. [Google Scholar]

	



Torres-Munoz, J.; Stockton, P.; Tacoronte, N.; Roberts, B.; Maronpot, R.R.; Petito, C.K. Detection of HIV-1 gene sequences in hippocampal neurons isolated from postmortem AIDS brains by laser capture microdissection. J. Neuropathol. Exp. Neurol. 2001, 60, 885–892. [Google Scholar] [CrossRef] [PubMed]

	



Torres-Munoz, J.E.; Nunez, M.; Petito, C.K. Successful application of hyperbranched multidisplacement genomic amplification to detect HIV-1 sequences in single neurons removed from autopsy brain sections by laser capture microdissection. J. Mol. Diagn. 2008, 10, 317–324. [Google Scholar] [CrossRef] [PubMed]

	



Sturdevant, C.B.; Joseph, S.B.; Schnell, G.; Price, R.W.; Swanstrom, R.; Spudich, S. Compartmentalized Replication of R5 T Cell-Tropic HIV-1 in the Central Nervous System Early in the Course of Infection. PLoS Pathog. 2015, 11, e1004720. [Google Scholar] [CrossRef]

	



Trillo-Pazos, G.; Diamanturos, A.; Rislove, L.; Menza, T.; Chao, W.; Belem, P. Detection of HIV-1 DNA in microglia/macrophages, astrocytes and neurons isolated from brain tissue with HIV-1 encephalitis by laser capture microdissection. Brain Pathol. 2003, 13, 144–154. [Google Scholar] [CrossRef]

	



Mukhtar, M.; Acheampong, E.; Khan, M.A.; Bouhamdan, M.; Pomerantz, R.J. Down-modulation of the CXCR4 co-receptor by intracellular expression of a single chain variable fragment (Sf) inhibits HIV-1 entry into primary human brain microvascular endothelial cells and post-mitotic neurons. Brain Res. Mol. Brain Res. 2005, 135, 48–57. [Google Scholar] [CrossRef]

	



Cantó-Nogués, C.; Sánchez-Ramón, S.; Álvarez, S.; Lacruz, C.; Muñóz-Fernández, M.Á. HIV-1 infection of neurons might account for progressive HIV-1-associated encephalopathy in children. J. Mol. Neurosci. 2005, 27, 79–89. [Google Scholar] [CrossRef]

	



Muscoli, C.; Salvemini, D.; Paolino, D.; Iannone, M.; Palma, E.; Cufari, A.; Rotiroti, D.; Perno, C.F.; Aquaro, S.; Mollace, V. Peroxynitrite decomposition catalyst prevents apoptotic cell death in a human astrocytoma cell line incubated with supernatants of HIV-infected macrophages. BMC Neurosci. 2002, 3, 13. [Google Scholar] [CrossRef]

	



Wang, X.; Zhou, Y.; Gao, Q.; Ping, D.; Wang, Y.; Wu, W.; Lin, X.; Fang, Y.; Zhang, J.; Shao, A. The Role of Exosomal microRNAs and Oxidative Stress in Neurodegenerative Diseases. Oxidative Med. Cell. Longev. 2020, 1–17. [Google Scholar] [CrossRef]

	



Rao, V.R.; Ruiz, A.P.; Prasad, V.R. Viral and cellular factors underlying neuropathogenesis in HIV associated neurocognitive disorders (HAND). AIDS Res. Ther. 2014, 11, 13. [Google Scholar] [CrossRef]

	



Haughey, N.J.; Nath, A.; Mattson, M.P.; Slevin, J.T.; Geiger, J.D. HIV-1 tat through phosphorylation of NMDA receptors potentiates glutamate excitotoxicity. J. Neurochem. 2001, 78, 457–467. [Google Scholar] [CrossRef]

	



Zhou, L.; Saksena, N.K. HIV associated neurocognitive disorders. Infect. Dis. Rep. 2013, 5, e8. [Google Scholar] [CrossRef] [PubMed]

	



Rozzi, S.J.; Avdoshina, V.; Fields, J.A.; Mocchetti, I. Human immunodeficiency virus Tat impairs mitochondrial fission in neurons. Cell Death Discov. 2018, 4, 1–12. [Google Scholar] [CrossRef]

	



Kanmogne, G.D.; Primeaux, C.; Grammas, P. HIV-1 gp120 proteins alter tight junction protein expression and brain endothelial cell permeability: Implications for the pathogenesis of HIV-associated dementia. J. Neuropathol. Exp. Neurol. 2005, 64, 498–505. [Google Scholar] [CrossRef] [PubMed]

	



Avdoshina, V.; Taraballi, F.; Dedoni, S.; Corbo, C.; Paige, M.; Saygideğer Kont, Y.; Üren, A.; Tasciotti, E.; Mocchetti, I. Identification of a binding site of the human immunodeficiency virus envelope protein gp120 to neuronal-specific tubulin. J. Neurochem. 2016, 137, 287–298. [Google Scholar] [CrossRef] [PubMed]

	



Bagashev, A.; Sawaya, B.E. Roles and functions of HIV-1 Tat protein in the CNS: An overview. Virol. J. 2013, 10, 358. [Google Scholar] [CrossRef]

	



Lu, S.M.; Tremblay, M.È.; King, I.L.; Qi, J.; Reynolds, H.M.; Marker, D.F. HIV-1 Tat-induced microgliosis and synaptic damage via interactions between peripheral and central myeloid cells. PLoS ONE 2011, 6, e23915. [Google Scholar] [CrossRef]

	



Wayman, W.N.; Dodiya, H.B.; Persons, A.L.; Kashanchi, F.; Kordower, J.H.; Hu, X.-T.; Napier, T.C. Enduring cortical alterations after a single in vivo treatment of HIV-1 Tat. NeuroReport 2012, 23, 825–829. [Google Scholar] [CrossRef]

	



Mamik, M.K.; Hui, E.; Branton, W.G.; McKenzie, B.A.; Chisholm, J.; Cohen, E.A. HIV-1 Viral Protein R Activates NLRP3 Inflammasome in Microglia: Implications for HIV-1 Associated Neuroinflammation. J. Neuroimmune Pharmacol. 2017, 12, 233–248. [Google Scholar] [CrossRef]

	



Pollicita, M.; Muscoli, C.; Sgura, A.; Biasin, A.; Granato, T.; Masuelli, L. Apoptosis and telomeres shortening related to HIV-1 induced oxidative stress in an astrocytoma cell line. BMC Neurosci. 2009, 10, 51. [Google Scholar] [CrossRef]

	



Berman, J.W.; Carvallo, L.; Buckner, C.M.; Luers, A.; Prevedel, L.; Bennett, M.V.; Eugenin, E.A. HIV-tat alters Connexin43 expression and trafficking in human astrocytes: Role in NeuroAIDS. J. Neuroinflammation 2016, 13, 54. [Google Scholar] [CrossRef]

	



Shin, A.H.; Thayer, S.A. Human immunodeficiency virus-1 protein Tat induces excitotoxic loss of presynaptic terminals in hippocampal cultures. Mol. Cell. Neurosci. 2013, 54, 22–29. [Google Scholar] [CrossRef]

	



Zucchini, S.; Pittaluga, A.; Brocca-Cofano, E.; Summa, M.; Fabris, M.; De Michele, R.; Bonaccorsi, A.; Busatto, G.; Barbanti-Brodano, G.; Altavilla, G.; et al. Increased excitability in tat-transgenic mice: Role of tat in HIV-related neurological disorders. Neurobiol. Dis. 2013, 55, 110–119. [Google Scholar] [CrossRef]

	



Midde, N.M.; Gomez, A.; Zhu, J. HIV-1 Tat Protein Decreases Dopamine Transporter Cell Surface Expression and Vesicular Monoamine Transporter-2 Function in Rat Striatal Synaptosomes. J. Neuroimmune Pharmacol. 2012, 7, 629–639. [Google Scholar] [CrossRef] [PubMed]

	



Lamers, S.L.; Fogel, G.B.; Liu, E.S.; Barbier, A.E.; Rodriguez, C.W.; Singer, E.J.; Nolan, D.J.; Rose, R.; McGrath, M.S. Brain-specific HIV Nef identified in multiple patients with neurological disease. J. NeuroVirology 2017, 24, 1–15. [Google Scholar] [CrossRef]

	



Nath, A.; Psooy, K.; Martin, C.; Knudsen, B.; Magnuson, D.; Haughey, N.; Geiger, J.D.; Nath, A.; Psooy, K.; Martin, C.; et al. Identification of a human immunodeficiency virus type 1 Tat epitope that is neuroexcitatory and neurotoxic. J. Virol. 1996, 70, 1475–1480. [Google Scholar] [CrossRef]

	



Laforge, M.; Petit, F.; Estaquier, J.; Senik, A. Commitment to Apoptosis in CD4 + T Lymphocytes Productively Infected with Human Immunodeficiency Virus Type 1 Is Initiated by Lysosomal Membrane Permeabilization, Itself Induced by the Isolated Expression of the Viral Protein Nef. J. Virol. 2007, 81, 11426–11440. [Google Scholar] [CrossRef] [PubMed]

	



Accession, M.Y.; Hasselrot, U.; Wu, G.; Nath, A.; Anderson, C.; Mactutus, C.F. Temporal relationships between HIV-1 Tat-induced neuronal degeneration, OX-42 immunoreactivity, reactive astrocytosis, and protein oxidation in the rat striatum. Brain Res. 2003, 987, 1–9. [Google Scholar]

	



Acheampong, E.A.; Parveen, Z.; Muthoga, L.W.; Wasmuth-Peroud, V.; Kalayeh, M.; Bashir, A.; Diecidue, R.; Mukhtar, M.; Pomerantz, R.J. Molecular Interactions of Human Immunodeficiency Virus Type 1 with Primary Human Oral Keratinocytes. J. Virol. 2005, 79, 8440–8453. [Google Scholar] [CrossRef]

	



Ferrucci, A.; Nonnemacher, M.; Wigdahl, B. Human Immunodeficiency Virus Viral Protein R as an Extracellular Protein in Neuropathogenesis. Adv. Virus Res. 2011, 81, 165–199. [Google Scholar] [CrossRef]

	



Akiyama, H.; Jalloh, S.; Park, S.; Lei, M.; Mostoslavsky, G.; Gummuluru, S. Expression of HIV-1 Intron-Containing RNA in Microglia Induces Inflammatory Responses. J. Virol. 2021, 95. [Google Scholar] [CrossRef]

	



Gavriil, E.S.; Cooney, R.; Weeks, B.S. Tat Mediates Apoptosis in Vivo in the Rat Central Nervous System. Biochem. Biophys. Res. Commun. 2000, 267, 252–256. [Google Scholar] [CrossRef]

	



Peluso, M.J.; Meyerhoff, D.; Price, R.W.; Peterson, J.; Lee, E.; Young, A.C.; Walter, R.; Fuchs, D.; Brew, B.; Cinque, P.; et al. Cerebrospinal Fluid and Neuroimaging Biomarker Abnormalities Suggest Early Neurological Injury in a Subset of Individuals During Primary HIV Infection. J. Infect. Dis. 2013, 207, 1703–1712. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, L.; Rua, R.; Ng, T.; Vongrad, V.; Ho, Y.; Geczy, C.L.; Hsu, K.; Brew, B.J.; Saksena, N.K. Evidence for predilection of macrophage infiltration patterns in the deeper midline and mesial temporal structures of the brain uniquely in patients with HIV-associated dementia. BMC Infect. Dis. 2009, 9, 192. [Google Scholar] [CrossRef] [PubMed]

	



Jimenez-Guardeño, J.M.; Apolonia, L.; Betancor, G.; Malim, M.H. Immunoproteasome activation enables human TRIM5α restriction of HIV-1. Nat. Microbiol. 2019, 4, 933–940. [Google Scholar] [CrossRef]

	



André, P.; Groettrup, M.; Klenerman, P.; de Giuli, R.; Booth, B.L.; Cerundolo, V.; Bonneville, M.; Jotereau, F.; Zinkernagel, R.M.; Lotteau, V. An inhibitor of HIV-1 protease modulates proteasome activity, antigen presentation, and T cell responses. Proc. Natl. Acad. Sci. USA 1998, 95, 13120–13124. [Google Scholar] [CrossRef] [PubMed]

	



Ferrington, D.A.; Gregerson, D.S. Immunoproteasomes: Structure, function, and antigen presentation. Prog. Mol. Biol. Transl. Sci. 2012, 109, 75–112. [Google Scholar]

	



Ancuta, P.; Kamat, A.; Kunstman, K.J.; Kim, E.-Y.; Autissier, P.; Wurcel, A.; Zaman, T.; Stone, D.; Mefford, M.; Morgello, S.; et al. Microbial Translocation Is Associated with Increased Monocyte Activation and Dementia in AIDS Patients. PLoS ONE 2008, 3, e2516. [Google Scholar] [CrossRef]

	



Gray, L.R.; Cowley, D.; Welsh, C.; Lu, H.K.; Brew, B.; Lewin, S.R.; Wesselingh, S.L.; Gorry, P.R.; Churchill, M.J. CNS-specific regulatory elements in brain-derived HIV-1 strains affect responses to latency-reversing agents with implications for cure strategies. Mol. Psychiatry 2015, 21, 574–584. [Google Scholar] [CrossRef] [PubMed]

	



Zevin, A.S.; McKinnon, L.; Burgener, A.; Klatt, N.R. Microbial translocation and microbiome dysbiosis in HIV-associated immune activation. Curr. Opin. HIV AIDS 2016, 11, 182–190. [Google Scholar] [CrossRef]

	



Lutgen, V.; Narasipura, S.D.; Barbian, H.J.; Richards, M.; Wallace, J.; Razmpour, R.; Buzhdygan, T.; Ramirez, S.; Prevedel, L.; Eugenin, E.A.; et al. HIV infects astrocytes in vivo and egresses from the brain to the periphery. PLoS Pathog. 2020, 16, e1008381. [Google Scholar] [CrossRef]

	



Brown, D.G.; Soto, R.; Yandamuri, S.; Stone, C.; Dickey, L.; Gomes-Neto, J.C.; Pastuzyn, E.D.; Bell, R.; Petersen, C.; Buhrke, K.; et al. The microbiota protects from viral-induced neurologic damage through microglia-intrinsic TLR signaling. eLife 2019, 8, e47117. [Google Scholar] [CrossRef]

	



Spudich, S.S. Immune activation in the central nervous system throughout the course of HIV infection. Curr. Opin. HIV AIDS 2016, 11, 226–233. [Google Scholar] [CrossRef]

	



Prinz, M.; Tay, T.L.; Wolf, Y.; Jung, S. Microglia: Unique and common features with other tissue macrophages. Acta Neuropathol. 2014, 128, 319–331. [Google Scholar] [CrossRef]

	



Logsdon, A.F.; Erickson, M.; Rhea, E.M.; Salameh, T.S.; Banks, W.A. Gut reactions: How the blood–brain barrier connects the microbiome and the brain. Exp. Biol. Med. 2017, 243, 159–165. [Google Scholar] [CrossRef] [PubMed]

	



Clarke, T.B.; Davis, K.M.; Lysenko, E.S.; Zhou, A.Y.; Yu, Y.; Weiser, J.N. Recognition of peptidoglycan from the microbiota by Nod1 enhances systemic innate immunity. Nat. Med. 2010, 16, 228–231. [Google Scholar] [CrossRef]

	



Bohórquez, D.V.; Shahid, R.A.; Erdmann, A.; Kreger, A.M.; Wang, Y.; Calakos, N.; Wang, F.; Liddle, R.A. Neuroepithelial circuit formed by innervation of sensory enteroendocrine cells. J. Clin. Investig. 2015, 125, 782–786. [Google Scholar] [CrossRef] [PubMed]

	



Shaw, T.N.; Houston, S.A.; Wemyss, K.; Bridgeman, H.M.; Barbera, T.A.; Zangerle-Murray, T.; Strangward, P.; Ridley, A.; Wang, P.; Tamoutounour, S.; et al. Tissue-resident macrophages in the intestine are long lived and defined by Tim-4 and CD4 expression. J. Exp. Med. 2018, 215, 1507–1518. [Google Scholar] [CrossRef] [PubMed]

	



Wong, S.W.; Kwon, M.-J.; Choi, A.M.; Kim, H.-P.; Nakahira, K.; Hwang, D.H. Fatty Acids Modulate Toll-like Receptor 4 Activation through Regulation of Receptor Dimerization and Recruitment into Lipid Rafts in a Reactive Oxygen Species-dependent Manner. J. Biol. Chem. 2009, 284, 27384–27392. [Google Scholar] [CrossRef]

	



Thompson, K.A.; Cherry, C.L.; Bell, J.E.; McLean, C.A. Brain Cell Reservoirs of Latent Virus in Presymptomatic HIV-Infected Individuals. Am. J. Pathol. 2011, 179, 1623–1629. [Google Scholar] [CrossRef]

	



Johnson, T.P.; Patel, K.; Johnson, K.R.; Maric, D.; Calabresi, P.; Hasbun, R.; Nath, A. Induction of IL-17 and nonclassical T-cell activation by HIV-Tat protein. Proc. Natl. Acad. Sci. USA 2013, 110, 13588–13593. [Google Scholar] [CrossRef]

	



Desplats, P.; Dumaop, W.; Smith, D.; Adame, A.; Everall, I.; Letendre, S.; Ellis, R.; Cherner, M.; Grant, I.; Masliah, E. Molecular and pathologic insights from latent HIV-1 infection in the human brain. Neurology 2013, 80, 1415–1423. [Google Scholar] [CrossRef]

	



Honeycutt, J.B.; Wahl, A.; Baker, C.; Spagnuolo, R.A.; Foster, J.; Zakharova, O.; Wietgrefe, S.; Caro-Vegas, C.; Madden, V.; Sharpe, G.; et al. Macrophages sustain HIV replication in vivo independently of T cells. J. Clin. Investig. 2016, 126, 1353–1366. [Google Scholar] [CrossRef]

	



Dahl, V.; Peterson, J.; Fuchs, D.; Gisslen, M.; Palmer, S.; Price, R.W. Low levels of HIV-1 RNA detected in the cerebrospinal fluid after up to 10 years of suppressive therapy are associated with local immune activation. AIDS 2014, 28, 2251–2258. [Google Scholar] [CrossRef] [PubMed]

	



Edén, A.; Fuchs, D.; Hagberg, L.; Nilsson, S.; Spudich, S.; Svennerholm, B.; Price, R.W.; Gisslén, M. HIV-1 Viral Escape in Cerebrospinal Fluid of Subjects on Suppressive Antiretroviral Treatment. J. Infect. Dis. 2010, 202, 1819–1825. [Google Scholar] [CrossRef]

	



Hammond, E.R.; Crum, R.M.; Treisman, G.J.; Mehta, S.H.; Clifford, D.B.; Ellis, R.J.; Gelman, B.B.; Grant, I.; Letendre, S.L.; Marra, C.M.; et al. Persistent CSF but not plasma HIV RNA is associated with increased risk of new-onset moderate-to-severe depressive symptoms; a prospective cohort study. J. NeuroVirol. 2016, 22, 479–487. [Google Scholar] [CrossRef]

	



Clements, J.E.; Gama, L.; Graham, D.R.; Mankowski, J.L.; Zink, M.C. A simian immunodeficiency virus macaque model of highly active antiretroviral treatment: Viral latency in the periphery and the central nervous system. Curr. Opin. HIV AIDS 2011, 6, 37–42. [Google Scholar] [CrossRef] [PubMed]

	



Dunfee, R.L.; Thomas, E.R.; Gorry, P.R.; Wang, J.; Taylor, J.; Kunstman, K.; Wolinsky, S.; Gabuzda, D. The HIV Env variant N283 enhances macrophage tropism and is associated with brain infection and dementia. Proc. Natl. Acad. Sci. USA 2006, 103, 15160–15165. [Google Scholar] [CrossRef]

	



Fois, A.F.; Brew, B.J. The Potential of the CNS as a Reservoir for HIV-1 Infection: Implications for HIV Eradication. Curr. HIV/AIDS Rep. 2015, 12, 299–303. [Google Scholar] [CrossRef] [PubMed]

	



Joseph, J.; Cinque, P.; Colosi, D.; Dravid, A.; Ene, L.; Fox, H.; Gabuzda, D.; Gisslen, M.; Beth, J.; Letendre, S.; et al. Highlights of the Global HIV-1 CSF Escape Consortium Meeting. J. Virus Erad. 2016, 2, 243–250. [Google Scholar] [CrossRef]

	



Ohagen, A.; Devitt, A.; Kunstman, K.J.; Gorry, P.R.; Rose, P.P.; Korber, B.; Taylor, J.; Levy, R.; Murphy, R.L.; Wolinsky, S.M.; et al. Genetic and functional analysis of full-length human immunodeficiency virus type 1 env genes derived from brain and blood of patients with AIDS. J. Virol. 2003, 77, 12336–12345. [Google Scholar] [CrossRef]

	



Choi, J.Y.; Hightower, G.K.; Wong, J.K.; Heaton, R.; Woods, S.P.; Grant, I.; Marcotte, T.D.; Ellis, R.; Letendre, S.L.; Collier, A.C.; et al. Genetic features of cerebrospinal fluid-derived subtype B HIV-1 tat. J. NeuroVirol. 2012, 18, 81–90. [Google Scholar] [CrossRef] [PubMed]

	



Harrington, P.R.; Schnell, G.; Letendre, S.L.; Ritola, K.; Robertson, K.; Hall, C.; Burch, C.; Jabara, C.B.; Moore, D.T.; Ellis, R.; et al. Cross-sectional characterization of HIV-1 env compartmentalization in cerebrospinal fluid over the full disease course. AIDS 2009, 23, 907–915. [Google Scholar] [CrossRef]

	



Tang, Y.W.; Huong, J.T.; Lloyd, R.M., Jr.; Spearman, P.; Haas, D.W. Comparison of human immunodeficiency virus type 1 RNA sequence heterogeneity in cerebrospinal fluid and plasma. J. Clin. Microbiol. 2000, 38, 4637–4639. [Google Scholar] [CrossRef] [PubMed]

	



Bednar, M.M.; Sturdevant, C.B.; Tompkins, L.A.; Arrildt, K.T.; Dukhovlinova, E.; Kincer, L.P.; Swanstrom, R. Compartmentalization, Viral Evolution, and Viral Latency of HIV in the CNS. Curr. HIV/AIDS Rep. 2015, 12, 262–271. [Google Scholar] [CrossRef] [PubMed]

	



Sturdevant, C.B.; Dow, A.; Jabara, C.B.; Joseph, S.B.; Schnell, G.; Takamune, N.; Mallewa, M.; Heyderman, R.; Van Rie, A.; Swanstrom, R. Central Nervous System Compartmentalization of HIV-1 Subtype C Variants Early and Late in Infection in Young Children. PLoS Pathog. 2012, 8, e1003094. [Google Scholar] [CrossRef] [PubMed]

	



Cu-Uvin, S.; Snyder, B.; Harwell, J.I.; Hogan, J.; Chibwesha, C.; Hanley, D. Association between paired plasma and cervicovaginal lavage fluid HIV-1 RNA levels during 36 months. J. Acquir. Immune Defic. Syndr. 2006, 42, 584–5847. [Google Scholar] [CrossRef]

	



Homans, J.; Christensen, S.; Stiller, T.; Wang, C.-H.; Mack, W.; Anastos, K.; Minkoff, H.; Young, M.; Greenblatt, R.; Cohen, M.; et al. Permissive and Protective Factors Associated with Presence, Level, and Longitudinal Pattern of Cervicovaginal HIV Shedding. J. Acquir. Immune Defic. Syndr. 2012, 60, 99–110. [Google Scholar] [CrossRef]

	



Schnell, G.; Price, R.W.; Swanstrom, R.; Spudich, S. Compartmentalization and clonal amplification of HIV-1 variants in the cerebrospinal fluid during primary infection. J. Virol. 2010, 84, 2395–2407. [Google Scholar] [CrossRef]

	



Gray, L.; Tachedjian, G.; Ellett, A.M.; Roche, M.; Cheng, W.-J.; Guillemin, G.; Brew, B.; Turville, S.; Wesselingh, S.L.; Gorry, P.R.; et al. The NRTIs lamivudine, stavudine and zidovudine have reduced HIV-1 inhibitory activity in astrocytes. PLoS ONE 2013, 8, e62196. [Google Scholar] [CrossRef]

	



Ghosh, A.K.; Sarkar, A.; Mitsuya, H. HIV-Associated Neurocognitive Disorder (HAND) and the Prospect of Brain-Penetrating Protease Inhibitors for Antiretroviral Treatment. Med Res. Arch. 2017, 5. [Google Scholar]

	



Gimenez, F.; Fernandez, C.; Mabondzo, A. Transport of HIV Protease Inhibitors Through the Blood-Brain Barrier and Interactions with the Efflux Proteins, P-Glycoprotein and Multidrug Resistance Proteins. J. Acquir. Immune Defic. Syndr. 2004, 36, 649–658. [Google Scholar] [CrossRef]

	



Caniglia, E.C.; Cain, L.E.; Justice, A.; Tate, J.; Logan, R.; Sabin, C. Antiretroviral penetration into the CNS and incidence of AIDS-defining neurologic conditions. Neurology 2014, 83, 134–141. [Google Scholar] [CrossRef] [PubMed]

	



Gavegnano, C.; Fromentin, E.; Schinazi, E.A. Lower levels of nucleoside analog triphosphates in primary human macrophages compared to human leukocytes could impair potency of antiretroviral drugs in human viral reservoirs. Glob. Antiviral. J. 2008, 4 (Suppl. 1), 70. [Google Scholar]

	



Lanier, E.R.; Sturge, G.; McClernon, D.; Brown, S.; Halman, M.; Sacktor, N. HIV-1 reverse transcriptase sequence in plasma and cerebrospinal fluid of patients with AIDS dementia complex treated with Abacavir. AIDS 2001, 15, 747–751. [Google Scholar] [CrossRef]

	



Gong, Y.; Chowdhury, P.; Nagesh, P.K.B.; Rahman, M.A.; Zhi, K.; Yallapu, M.M.; Kumar, S. Novel elvitegravir nanoformulation for drug delivery across the blood-brain barrier to achieve HIV-1 suppression in the CNS macrophages. Sci. Rep. 2020, 10, 1–16. [Google Scholar]

	



Kodidela, S.; Sinha, N.; Kumar, A.; Kumar, S. Anti-HIV Activity of Cucurbitacin-D against Cigarette Smoke Condensate-Induced HIV Replication in the U1 Macrophages. Viruses 2021, 13, 1004. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 09 02537 g001 550] 





Figure 1. The mechanisms of HIV infection within the CNS. (A, B, C) HIV-1 enters the CNS through diverse pathways: (A) the Trojan horse process through which HIV-1-infected monocytes pass across the BBB and differentiate into perivascular macrophages; (B) the transfer into the CNS of HIV-1-infected CD4+ T cells; (C) entry into brain is possible in a direct way provided their is raised permeability, owing to dysfunctions and/or modified tissue. (D) Microglia, neurons, and astrocytes are the CNS-resident cells vulnerable to HIV-1 infection. Cell activation plays an important role in the release of proinflammatory cytokines and can increase changes in and the permeability of the BBB, thus helping the development of neuro-invasion of HIV and other viruses. 
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Figure 2. Infections, acute and chronic, by T-tropic CCR5-using (R5) viruses proceed in the systemic circulation. Populations of macrophage (M)-tropic HIV-1, which do not need high CD4 levels to infect cells and can proliferate within the brain in macrophages and other cells, are the second and more pathogenic type of compartmentalized infection related to HAD. Independent evolution happens at the systemic level with the development of CXCR4-using (X4) viruses; this is related to low blood CD4 cells and rapid advancement and may be shown in CSF. 
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Table 1. CNS penetration effectiveness score (CPE score).
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	Antiretroviral Drug Class
	4 (Very Good)
	3 (Good)
	2 (Fair)
	1 (Poor)





	Nucleoside Reverse Transcriptase Inhibitors (NRTIs)
	Zidovudine
	Abacavir

Emtricitabine
	Didanosine

Lamivudine

Stavudine
	Adefovir

Tenofovir

Zalcitabine



	Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs)
	Nevirapine
	Delavirdine

Efavirenz
	Etravirine
	



	Protease Inhibitors (PIs)
	Amprenavir-r

Indinavir-r
	Amprenavir

Danmavir

Darunavir

Fosamprenavir-r

Indinavir

Lopinavir-r
	Atazanavir

Atazanarir-r

Fosamprenavir
	Nelfinavir

Ritonavir

Saquinavir

Saquinavir-r

Tipranavir-r



	Integrase Inhibitors
	
	Elvitegravir

Raltegravir
	
	



	Entry Inhibitors
	
	Maraviroc

Vicriviroc
	
	Enfuvirfide

T-1249
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