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Abstract

:

Despite the effectiveness of combined antiretroviral therapy (cART) in suppressing virus replication, chronic inflammation remains one of the cardinal features intersecting HIV-1, cART, drug abuse, and likely contributes to the accelerated neurocognitive decline and aging in people living with HIV-1 (PLWH) that abuse drugs. It is also estimated that ~30–60% of PLWH on cART develop cognitive deficits associated with HIV-1-associated neurocognitive disorders (HAND), with symptomatology ranging from asymptomatic to mild, neurocognitive impairments. Adding further complexity to HAND is the comorbidity of drug abuse in PLWH involving activated immune responses and the release of neurotoxins, which, in turn, mediate neuroinflammation. Premature or accelerated aging is another feature of drug abusing PLWH on cART regimes. Emerging studies implicate the role of HIV-1/HIV-1 proteins, cART, and abused drugs in altering the inflammasome signaling in the central nervous system (CNS) cells. It is thus likely that exposure of these cells to HIV-1/HIV-1 proteins, cART, and/or abused drugs could have synergistic/additive effects on the activation of inflammasomes, in turn, leading to exacerbated neuroinflammation, ultimately resulting in premature aging referred to as “inflammaging” In this review, we summarize the current knowledge of inflammasome activation, neuroinflammation, and aging in central nervous system (CNS) cells such as microglia, astrocytes, and neurons in the context of HIV-1 and drug abuse.
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1. Introduction


The advent of combined antiretroviral therapies (cART) for HIV-1 infection in the mid-1990s has been one of modern medicines most dramatic triumphant stories. Essentially, once a death sentence—with a lifespan of ~18 months post-diagnosis—HIV-1 infection, managed with cART, now has transformed into a mostly manageable, chronic condition like diabetes. A person starting cART today can expect to live reasonably for another 30 to 50 years, and often well into older age. Paradoxically, however, with success has come a new set of challenges facing both the patients and health professionals. Despite the successful control of viremia, as the infected individuals start early initiation of cART and as a result, continue to live longer, they are at risk of developing age-related comorbidities such as cognitive impairments, cardiovascular disease, certain cancers, kidney and liver disease and osteoporosis, decades ahead of their HIV-1-negative counterparts. While some with well-treated HIV-1 can expect a healthy life expectancy, others cannot, especially in the older population, where excess mortality increases with age, and survival time is significantly lower than in the uninfected population [1,2]. Elegant clinical studies have demonstrated that chronic HIV-1 infection results in a five-year increase in biological age [3]. The health needs of the increasing number of HIV-1-positive Americans who are reaching older ages have become a significant public health issue. According to the Centers for Disease Control and Prevention, the number of those over age 50 living with HIV-1 is rapidly escalating. For example, while in 2001 there were ~17% of people diagnosed with HIV-1 infection that were age 50 or over, this number almost doubled (~33%) in 2009 and is expected to be >70% in 2020 [4]. These trends are mirrored globally. Adding further complexity to the problem in the aging population is the onset of accompanying physiological changes that have been implicated in increasing the risk for several comorbidities in this group of individuals, and this is further exacerbated in PLWH on cART regimens [5]. Whether this is because of a chronic effect of the residual HIV-1/HIV-1 proteins, cART treatment itself, increased dependence on pain medications, or by physiological alterations already set in place by HIV-1 infection remains unknown. Given the persistent, chronic low-level smoldering inflammation present in PLWH on cART regimens [5,6,7], it is speculated that this ongoing immune activation likely contributes to aging [8,9,10,11,12,13,14]. In addition to the effects on the immune system and inflammation, HIV-1 also infects as well as affects the brain. Prior to the development of effective treatment, ~8–15% of PLWH developed a severe cognitive disorder-HIV-1-associated dementia, the incidence of which in the post-cART era has now declined to ~2% [14,15,16,17,18]. Intriguingly, despite effective cART treatment and undetectable plasma viral levels, ongoing low level of chronic immune activation and inflammation culminates into accompanying comorbidities commonly associated with the aging population, including vascular atherosclerosis, metabolic syndrome, and neurodegeneration. As a result, there continue to be largely increased numbers of PLWH that are afflicted with HIV-1-associated neurocognitive disorders (HAND) or NeuroHIV [19,20,21,22,23,24,25,26]. According to epidemiological data, it is estimated that ~30–60% of PLWH on cART develop cognitive deficits associated with HAND, with symptomatology ranging from asymptomatic to mild, motor neurocognitive impairments. HAND is highly prevalent and remains a grave complication, despite successful cART, severely impacting the life quality of PLWH [27,28,29,30]. A recent elegant review by Lanman et al. (2019) has described the neurotoxic effects of antiretrovirals and its potential role in inflammation and premature aging in PLWH [31].



Adding additional complexity to HAND is the comorbidity of substance abuse (opiates, cocaine, and methamphetamine) in PLWH [32,33,34,35]. In fact, drug use and HIV-1 have been inextricably linked as intertwined epidemics in the 1980s. Today, illicit drug use is a crucial driver of HIV-1 infection across the globe [36,37]. Neuroimaging research conducted prior to active treatment or on untreated individuals has suggested that HIV-1 accelerates aging of the brain and that comorbidity of drug abuse exacerbates neurological aging among PLWH [38,39,40]. It is reported that of those afflicted with HAND, at least 30% will have a history of drug abuse. Drug use and addiction can hasten the progression of HIV-1 and its consequences, especially in the brain. Clinical research indicates that drug use and addiction could increase the viral load, accelerate disease progression, and worsen AIDS-related mortality even among patients on cART regimens [32]. In addition, people with substance use disorders are less likely to adhere to the life-saving HIV-1 medication regimen [41], thereby leading to the activation of virus blips during their illness. Drugs can make it easier for HIV-1 to enter the brain and trigger an immune response and initiate glial activation and release of neurotoxins, which, in turn, mediate neuroinflammation [42]. HIV-1-induced inflammation in the brain, thus underlies the neurocognitive disorders or NeuroHIV and is closely linked to accelerated brain aging, manifesting as a severe complication of HIV-1 infection [43,44,45,46,47,48]. Glial cell activation involving brain astrocytes and microglia as well as infiltrating monocyte/macrophages, resulting in ensuing neuroinflammation, has been recognized as an underlying hallmark feature of HAND [49,50,51]. Intriguingly, smoldering, and persistent low-level inflammation both in the periphery as well as in the central nervous system (CNS) is a key feature driving the severity of CNS complications. NeuroHIV is challenging to diagnose and treat since other factors—such as aging, drug abuse, drug addiction, and psychiatric illnesses—are common and can produce similar cognitive symptoms [26]. Premature or accelerated aging is another feature observed in drug abusing PLWH who are on cART regimens. Emerging studies implicate the role of HIV-1/HIV-1 proteins, cART, and abused drugs in altering the inflammasome signaling in cells of the CNS such as microglia, astrocytes, and neurons. It is thus likely that exposure of these cells to HIV-1/HIV-1 proteins, cART and/or abused drugs can have synergistic/additive effects in activation of inflammasomes, thus contributing to exacerbated neuroinflammation, ultimately culminating into “inflammaging”. In this review, we summarize the current knowledge of inflammasome activation, neuroinflammation, and aging in CNS cells such as microglia, astrocytes, and neurons.




2. Inflammaging


Recent years have seen an explosive surge in research on inflammation and its effects on aging, now referred to as “inflammaging” [52]. As stated above, life-long infection with HIV-1, coupled with early initiation and dependence on cART and comorbidity of drug abuse, results in a persistent, slowly fueling inflammatory milieu in the brain that accumulates over time and results in premature or accelerated aging and neurodegeneration. Recent studies have assessed the expression of inflammation and aging-related markers in the PBMCs of PLWH treated with cART regimen and have reported increased expression of IL6, IL18, and CXCL10 with a concomitant decrease in aging-associated markers such as p53, PAI-1 and IGFBP-3 [53]. In the HIV-1-infected, cART treated, and drug-abusing population, these neurodegenerative, cognitive impairments are seen decades earlier than the normal healthy counterparts (uninfected and drug naïve individuals). While there is extensive literature on inflammaging in response to lifestyle stressors during normal aging, there is a knowledge gap in our understanding of how HIV-1, cART, and drug abuse contribute to accelerated aging. Furthermore, considering that by the end of 2020, >70% of infected people will be 50 years or older—there is an urgent need in the field to link how inflammation mediated by these agents either individually or in combination (HIV-1, cART, and drug abuse) contributes to the aging phenotype in the whole organism. Studies aimed at assessing the mechanism(s) underlying normal aging have interrogated the brain at both the cellular and molecular levels and found many of the same hallmarks of aging as evident in other tissues [3,53,54,55,56,57,58]. These hallmarks include inflammation; mitochondrial dysfunction; intracellular accumulation of oxidatively damaged proteins, nucleic acids, and lipids; dysregulated energy metabolism; impaired cellular “waste disposal” mechanisms (autophagy–lysosome and proteasome functionality); impaired adaptive stress response signaling; compromised DNA repair; dysregulated neuronal Ca2+ handling; telomere damage; and cell senescence (Figure 1).




3. Inflammasomes


Inflammasomes are cytosolic multiprotein complexes that function as molecular platforms for the activation of the inflammatory caspases, including caspase-1 and -11 [59,60,61,62]. The caspases are usually present in an inactive form and undergo conformational changes and activation upon their recruitment into the multiprotein complex [63,64]. Activated caspase-1 or -11 are known cysteine proteases that can specifically cleave their substrates after aspartate residues [65]. IL1β and IL18 are among the known substrates of these inflammatory caspases that are also recruited to the multiprotein complex and are cleaved, ultimately leading to functional modulation of signaling pathways involved in various cellular processes such as programmed cell death, differentiation, and cell proliferation [66].



The nucleotide-binding domain, leucine-rich repeat-containing proteins (NLRs) that are critical for inflammasome formation, are composed of three separate domains. The C-terminal region is made up of variable numbers of leucine-rich repeats (LRRs) that are thought to autoinhibit NLR in the resting state and undergo stimuli-induced conformational changes [67]. The central nucleotide-binding and oligomerization (NACHT) domain has been shown to oligomerize following inflammasome activation in the presence of nucleotides such as ATP and is essential for NLR function [68,69,70]. The N-terminal domain consisting of either a Pyrin or caspase activation and recruitment domain (CARD) are essential for the recruitment of caspases involving protein-protein interactions [67,71]. Nearly 20 NLR inflammasomes have been identified in humans with the most investigated inflammasomes being NLRP1, NLRP3, NLRP6, NLRC4, and NLRP12 [72]. Inflammasomes are broadly classified into two categories—the proinflammatory inflammasomes (e.g., NLRP3 and NLRC4) and the anti-inflammatory inflammasomes (e.g., NLRP12, NLRX1, NLRC3, and NLRC5). Taking the case of NLRP3 as an example, inflammasome formation involves the recruitment of ASC through binding of the Pyrin domain followed by recruitment of pro-caspase-1 through CARD–CARD homotypic interactions [67]. For inflammasomes that lack a Pyrin domain, such as NLRC4, recent evidence has demonstrated that it can directly recruit caspase-1 through a C- or N-terminal CARD domain [68]. Following recruitment to the inflammasome complex, pro-caspase-1 oligomerizes and is cleaved by autocatalysis, resulting in the release of the active catalytic p20 and p10 caspase-1 fragments and subsequent processing of precursor IL1β into its biologically active 17 kDa fragment [68].



For the activation of the inflammasome machinery, the host first recognizes either pathogen-associated molecular patterns (PAMPs) expressed by microbial pathogens or danger-associated molecular patterns (DAMPs) that are produced by host cells [59,72,73,74,75,76]. To date, several molecules have been described that can serve as PAMPS or DAMPS, which, among others, also include HIV-1 viral proteins and drugs of abuse. These latter agents will be discussed in this review in more detail. Cells within the CNS such as microglia, macrophages, and astrocytes have been shown to express NLRs and are involved in inflammasome activation and ensuing neuroinflammation. Among these cells, microglia and astrocytes have been shown to express NLRP3 [77,78] and NLRC4 [78,79]. Additionally, astrocytes have also been shown to express NLRP2 [80], and neurons express NLRP1 [81,82,83]. We will briefly describe each of these inflammasomes and their activation in the context of HIV-1 and drug abuse studies.



3.1. NLRP1 Inflammasome


NLRP1 is expressed in several types of immune cells as well as in non-hematopoietic tissues in the peripheral system [83] and in the neurons in the CNS [81,82,83]. The human NLRP1 has a unique structural layout consisting of an N-terminal CARD, a central NACHT, LRR, FIIND, and a C-terminal CARD [60]. NLRP1 has been shown to interact with caspase-1 and -5, resulting in the formation of multiprotein complexes in cell-free lysates that is necessary for IL1β/IL18 processing and pyroptosis [62]. Other studies have demonstrated that NLRP1 can interact with caspase-2 and -9 to facilitate cell death via the apoptosome [84], suggesting its involvement in multiple cell death pathways. NLRP1 is activated by the anthrax lethal toxin resulting in the release of proinflammatory cytokines, which facilitates the clearance of the bacterial infection of Bacillus anthracis [85,86]. It has also been shown that HIV-1 replication is associated with increased NLRP1 inflammasome activation, IL1β, and IL18 expression in the gut-associated lymphoid tissue and peripheral blood of HIV-1 infected persons [87]. In the context of substance abuse, studies in mice administrated 5% ethanol for 5 weeks, demonstrated increased expression of NLRP1, along with the increased expression of NLRP3, ASC, and proinflammatory cytokines, thus underscoring the ability of alcohol to activate the inflammasomes [88]. Recent studies from the same group have shown that inhibition of the inflammasome signaling cascade using VX765 and MCC950 reduced alcohol consumption in female mice, further validating the involvement of alcohol in activation of the inflammasome pathway and ensuing neuroinflammation [89]. In another study in an ex vivo model of organotypic hippocampal-entorhinal cortex brain slice cultures, the inflammasome signaling was shown to mediate ethanol mediated inhibition of hippocampal neurogenesis [90]. These authors demonstrated that ethanol-mediated impairment of neurogenesis involved increased expression of NALP1, NALP3, and IL1β in both neurons and astrocytes. Furthermore, blockade of IL1β synthesis with the inflammasome inhibitors such as parthenolide and Bay11708 reversed ethanol mediated inhibition of neurogenesis [90]. In the same study, the authors also demonstrated upregulated expression of NLRP1 and NLRP3 in the hippocampus of human postmortem brain tissues of alcohol-using subjects, thereby supporting a role for alcohol in inflammasome signaling [90].




3.2. NLRP3 Inflammasome


NLRP3 is primarily expressed by myeloid cells. In the CNS, microglia and infiltrating macrophages have been shown to express NLRP3 [77]. Structurally, NLRP3 consists of an N-terminal pyrin domain, a central NBD, and a C-terminal LRR [60,91]. The apparent lack of a CARD in NLRP3 implies that NLRP3 cannot recruit procaspase-1 except in the presence of the adaptor molecule ASC [60]. It has been demonstrated that NLRP3 interacts with ASC via pyrin domain homophilic interactions [92]. Several endogenous and exogenous agonists such as pathogen-associated molecule patterns (PAMPs), environmental agents (asbestos, silica, UV radiation), and self-derived sterile activators (ATP, cholesterol, amyloid β) are known to activate the NLRP3 inflammasome [60]. In the context of HIV-1, Walsh et al. have demonstrated that HIV-1 infection induced the expression of caspase 1, NLRP3, IL1β, and IL18 in the cerebral white matter of PLWH [93,94]. Other studies in human monocytes have shown that HIV-1 infection-induced production of IL1β via the NLRP3 inflammasome-dependent mechanism(s) [95]. In addition, HIV-1 Tat protein has also been reported to activate the mouse microglial NLRP3 inflammasome [96]. To further support the involvement of NLRP3-inflammasome in HIV-1 pathogenesis, in a study involving 150 HIV-1-infected Brazilian subjects and 158 healthy controls, Pontillo et al., (2012) demonstrated that single nucleotide polymorphisms within NLRP3 (rs10754558) and IL1β (rs1143634) genes were significantly associated with HIV-1 infection [97]. Together these studies provide evidence for the role of the NLRP3 inflammasome during HIV-1 infection. In the context of drug abuse, cocaine has been shown to upregulate the expression levels of NLRP3 in macrophages infected with HIV-1 [98]. The production of reactive oxygen species (ROS) was also increased in cocaine-exposed macrophages, thus suggesting an upstream role for ROS in cocaine-mediated priming of the NLRP3 inflammasome. Similar to NLRP1, levels of NLRP3 have also been reported to be upregulated in animal models of alcohol administration [88] as well as in postmortem human samples [90].




3.3. NLRC4 Inflammasome


NLRC4 is expressed in cells of hematopoietic origin and consists of an N-terminal CARD, a central NBD domain, and C-terminal LRRs [60]. Due to the presence of a CARD domain in NLRC4, it interacts directly with procaspase-1 via homotypic CARD interactions, leading to the cleavage of caspase-1. Activation of the NLRC4 inflammasome leads to IL1β and IL18 secretion and pyroptotic cell death. The NLRC4 inflammasome is specifically activated by intracellular flagellin [99,100]. The specificity of flagellin in the activation of NLRC4 was shown when a mutant strain of Legionella that do not express flagellin failed to activate caspase-1 [101]. In the context of HIV-1, one study demonstrated that activation of the NLRC4 pathway by flagellin rescued the NLRP3 inflammasome defect in dendritic cells from HIV-1-infected patients suggesting that NLRC4 activation could be utilized as a possible future adjuvant in immunocompromised individuals who exhibit poor response to immunization [102].




3.4. NLRC5 Inflammasome


NLRC5 is abundantly expressed in the mucosal epithelial cells and in the brain [103] and is emerging as a key regulator of immune responses to combat intruding microbes [104]. Recent studies have shown that NLRC5 negatively regulates NF-κB signaling via direct binding to the NF-κB regulators IKKα/IKKβ, thereby preventing both the recruitment of IKKγ as well as nuclear translocation of NF-κB [105,106]. NF-κB is known to acts as a key point of convergence for several signaling pathways that are pertinent for the antiviral response and subsequent activation of the adaptive immune responses [107]. Consequently, downregulation of NLRC5 could represent a unique mechanism by which HIV-1 Tat interferes with the host defense system, leading, in turn, to persistent inflammation and cellular activation. It is also reported that exposure of mouse microglial cells to recombinant HIV-1 Tat protein demonstrated downregulation of NLRC5 protein with simultaneous activation of NF-κB signaling, thereby suggesting a possible association of NLRC5-mediated activation of NF-κB signaling axis in microglia [108]. However, the expression profile of NLRC5 on cART, as well as drugs of abuse, remains unclear.




3.5. AIM2 Inflammasome


AIM2 (Absent in melanoma 2) is a cytoplasmic sensor of double-stranded DNA which localizes to the cytosol. AIM2 consists of an N-terminal pyrin domain and a C-terminal HIN200 domain and binds dsDNA via the HIN200 domain [60]. The pyrin domain of AIM2 is hypothesized to interact with the pyrin domain of ASC, leading to caspase-1 recruitment to the complex to form a stable and competent inflammasome [60]. AIM2 does not discriminate between the origins of DNA it detects but relies on its presence in the cytosol to initiate a response. Activation of the AIM2 inflammasome is mediated by ds DNA binding where the DNA and protein heteroduplex recruits ASC and caspase 1. Similar to NLR inflammasomes, the AIM2 inflammasome results in IL1β and IL18 secretion and cell death. AIM2 plays a role in the responses to viruses, including HIV-1. In one study, HIV-1 infected macrophages exposed to cocaine exhibited significant upregulation of AIM2 mRNA and IL1β [98].





4. Neuroinflammation in the Context of HIV-1 and Drug Abuse


Inflammation within the brain and spinal cord, termed as neuroinflammation, is driven by activation of immune cells in the CNS, leading to the production of cytokines, chemokines, reactive oxygen species, and secondary messengers [109]. Several studies have implicated proinflammatory cytokines (IL1β, IL6, and TNFα), chemokines (CCL2, CCL5, CXCL1), secondary messengers (NO and prostaglandins) and reactive oxygen species (ROS) as common inducers of neuroinflammation [45,93,96,109]. The outcome of a neuroinflammatory response, however, is a double-edged sword with both positive effects such as tissue regeneration or protection against infection and also adverse effects such as cell death, cellular senescence, and chronic neurodegeneration, depending of course on the context, duration, and course of the primary stimuli. In this review, we will focus on neuroinflammation in the context of HIV-1 and drug abuse.



Increased neuroinflammation has been reported in PLWH involving upregulation of microglial activation detected in studies using positron emission tomography or magnetic resonance imaging involving assessment of the 18 kDa translocator protein (TSPO), a marker of microglial activation [110,111,112,113,114]. White matter damage and neuronal injury have also been reported in subjects with HAND [115]. In another study that analyzed autopsy tissues from PLWH and varying degrees of neurocognitive impairment but without HIV-1 encephalitis (HIVE), neuroinflammation was determined by the status of activated microglia determined by CD163, CD16, and HLA-DR expression, with many microglia exhibiting a rounded or ramified morphology with thickened processes, classically associated with activation [116].



Substance abuse involving psychostimulants such as methamphetamine and cocaine has also been shown to be associated with neuroinflammation. For example, methamphetamine exposure has been shown to increase microglial activation and reactive oxygen species production in mice, and this involved the sigma-1 receptor, MAPK, and Akt pathways [117]. In another study, microglia from SIV-infected macaques treated with methamphetamine were shown to exhibit increased expression of proinflammatory genes encoding chemokines, chemokine receptors, and NOD-Like receptor pathways genes [118]. Exposure of murine microglia to cocaine has also been shown to increase the expression of TNFα and IL6 genes while also inducing oxidative stress and activation of the TLR2 signaling pathway [119,120]. These studies demonstrate the role of drugs of abuse in the induction of neuroinflammation, which has thus the potential to contribute to sustained, systemic, low-grade inflammation—a critical factor in driving the aging process.




5. Role of Microglia—Inflammasomes and Aging


Microglia, the immunocompetent and phagocytic cells, reside both in the white and gray matter and comprise approximately 10% of the central nervous system (CNS) cells. Microglia express many pattern-recognition receptors (PRRs) including nucleotide-binding and oligomerization domain (NOD)-like receptors, Toll-like receptors (TLR) that detect the pathogen-associated molecular patterns (PAMPs) or tissue damage-associated molecular patterns (DAMPs), ultimately leading to the production of the proinflammatory cytokine, IL1β, which can induce neuroinflammation [121]. Alterations in microglial functionality are implicated during brain development and the aging process [122]. Furthermore, as the primary source of proinflammatory cytokines, microglia are important mediators of neuroinflammation and can modulate a broad spectrum of cellular responses. Although microglial numbers and morphology (increased cell body and decreased length of the process) are altered in the brains of PLWH [123], the role of microglia in mediating premature aging in PLWH in the context of drug abuse remains unclear. There is an increased incidence of mild cognitive impairment in PLWH in the era of cART. Neuroinflammation is a signature of HAND in PLWH [112]. In HAND patients and drug abusers, microglia exhibit an activated phenotype with increased production of inflammatory cytokines [111,124,125]. Increased expression of proinflammatory cytokines has been shown to play a key role in cognition, memory and learning, and sensory functions of the inflammasome components [74,126]. Upregulation of various inflammasomes including NLRP1, NLRP3, NLRC4, NLRC5 has been reported in age-related progressive neurodegenerative diseases, autoimmune disorders, and in brain injury [74,127,128,129].



According to Furman et al., “inflammaging” is related to inflammasome activation [130]. Inflammasomes play a significant role in neuroinflammation owing to their ability to regulate the activation of various inflammatory responses. Notably, inflammasomes have been shown to be activated during aging and in age-related CNS diseases, accelerating the process of senility and CNS disorders [131]. Several studies have confirmed the key role of microglia in aging people and in aging-related diseases [132,133,134,135]. Recent emerging evidence indicates that HIV-1/HIV-1 proteins and drugs of abuse such as psychostimulants, morphine, and alcohol each or in combinations activate inflammasomes in microglia, thereby contributing to neuroinflammation [123,125]. It can thus be speculated that activated inflammasome mediated upregulation of neuroinflammation in microglia plays a significant role in the premature aging process during chronic HIV-1 infection and its comorbidity with drugs of abuse. Several reports suggested that the accumulation of various endogenous metabolic DAMPs signals related to endoplasmic reticulum (ER) stress [136], mitochondrial dysfunction [137] lysosomal damage [138] lipid deposits [139] or K+ efflux [140] are associated with increased inflammasome activation and likely in the activation of aged microglia. There is also evidence of increased mitochondrial microRNAs (let-7b, miR-146a, miR-133b, miR-106a, miR-19b, miR-20a, miR-34a, miR-181a, and miR-221) and cellular microRNA (miR-146a, miR-34a, and miR-181a) in inflammasome-dependent inflammaging [96,108,141,142,143]. Mechanism(s) underlying HIV-1/HIV-1 proteins and/or drug abuse in mediating aging of microglia likely involves dysregulated TLR-signaling [144], activation of the NLRP3 signaling and downregulation of NLRC5 inflammasome [96,108].



Current evidence indicates that cocaine potentiates activation of ROS in HIV-1-infected macrophages, and this is accompanied by the upregulation of inflammasome genes [98]. Microglia are known to express the potassium channel (Kv). HIV-1 protein gp120 has shown to upregulate the expression of voltage-gated K+ (Kv1.3) channels in microglia [145]. Many in vitro studies, including those from our group, have attempted to unveil the molecular pathways underlying HIV-1/HIV-1 proteins and drugs of abuse mediated microglial activation and have shown the involvement of ER stress, mitochondrial dysfunction, ROS production, and dysregulated miRNAs in the activation of inflammasomes in microglia [146,147,148,149]. Our group demonstrated that HIV-1 Tat-mediated microglial NLRC5 activation involves the miRNA-34a-NLRC5-NF-κB signaling axis [108]. Further, miR-223 has also been shown to play a significant role in NLRP3 inflammasome priming in response to HIV-1 Tat protein leading, in turn, to microglial activation [96] and persistent neuroinflammation (Figure 2).



A recent clinical study has suggested the miRNA signature underlying cognitive deficits and alcohol use disorder in PLWH [150]. A study on feline immunodeficiency virus infection has also demonstrated the activation of multiple inflammasome-associated genes in microglia, and this was shown to be accompanied by neuronal loss in the cerebral cortex as well as neurological deficits [93]. Taken together, HIV-1 in the context of drug abuser can mediate premature aging which is regulated by activation of the microglial inflammasome involving both “signal 1” and “signal 2”, in turn, leading to neuroinflammation and associated neuronal damage and cell death, which manifests as accelerated or premature aging.




6. Role of Astrocytes—Inflammasomes and Aging


Astrocytes, one of the most abundant glial cells in the brain, play critical roles in neurogenesis through the formation, maintenance, and pruning of synapses and by potentiating neuronal survival through the uptake and release of glutamate, scavenging of free radicals, and via the production of cytokines and nitric oxide to maintain neuronal homeostasis [151]. In addition, astrocytes also induce innate immune responses via a limited TLR repertoire [152,153]. Contrary to other CNS cells, astrocytes are resilient to death receptor-induced apoptosis but are susceptible to various inflammatory insults [154,155]. Activated astrocytes, by regulating various signaling pathways, can exert potent proinflammatory culminating into neuroinflammation [156,157]. As described above, the ongoing neuroinflammation is reinforced by key innate immune sensor(s) for danger signals referred to as inflammasomes. In addition to microglia, astrocytes also express various members of the inflammasome family, as reported in various disease models [78,80,129,158,159,160,161,162,163,164,165,166,167,168,169,170,171,172,173]. NLRP1 is the first reported inflammasome expressed in the rat primary cortical astrocytes that is activated by purinergic receptors [174]. Recent literature has demonstrated differential expression of various inflammasomes in astrocytes, with most of them related to various neurodegenerative diseases as well as aging [175,176,177,178].



In addition to microglia, astrocytes have also been considered as an HIV-1 cellular reservoir within the CNS [179,180,181,182,183]. However, the outcome of HIV-1 infection on these cells is less clear [181]. Recently, Ojeda and his colleagues reported the activation of NLRP3 inflammasome in human primary astrocytes infected with HIV-1 and suggested new and divergent relationships of astrocytes productively infected with HIV-1 with the neighboring non-productively infected astrocytes [164]. These authors further claimed that HIV-1-infected astrocytes exhibit mitophagy as a critical mechanism to subvert imminent cell death. In contrast, the astrocytes that are affected as a result of the bystander effect demonstrated activation of the NLRP3 inflammasome, which, in turn, was related to mitochondrial damage [164]. In the doxycycline-inducible, astrocyte-specific HIV-1 Tat transgenic mice (iTat) model, it has been reported that long-term expression of HIV-1 Tat in the brain manifested poor memory and motor function outcomes along with brain region- and gender-specific dysregulation of neuropathological changes, similar to age-related changes involving increased astrocyte activation and altered synaptic plasticity—the ability of neurons to bring about changes in the connections between neuronal networks in response to use or disuse [184]. HIV-1 infection has been shown to accelerate the biological aging process of HIV-1-infected individuals by ~five years in blood cells [3] and ~seven years in the brain [56,57]. Overall, it is evident that the presence of HIV-1 Tat protein in PLWH under cART [58] raises the likelihood of accelerated aging in PLWH. In addition to HIV-1 infection and HIV-1 proteins, long term usage of antiretrovirals has also been reported to induce astrocytes senescence in human fetal astrocytes exposed to clinically relevant combinations of antiretrovirals in vitro [185] thus implicating that cART-mediated astrocyte senescence induced injury to the surrounding neuronal tissue. It is also reported that human fetal astrocytes infected with HIV-1 demonstrated astrocyte senescence, and this was further validated in ex vivo astrocytes isolated from HIV-1-infected humanized mice as well as in the brains of HIV-1 transgenic rats [178]. The precise mechanisms underlying astrocyte senescence, however, remains unclear [186].



Drugs of abuse have also been known to activate inflammasome signaling and aging in astrocytes, culminating in neuroinflammaging. Recently, methamphetamine-mediated neuroinflammatory responses were reported in cerebral organoids comprising of astrocytes [187]. In this study, exposure of cerebral organoids to methamphetamine elicited both novel astrocyte-specific gene expression networks as well as activation of the NLRP1 inflammasome. Furthermore, the authors also found an association between the NLRP1 inflammasome activation and methamphetamine-induced astrocytosis [187]. In another study in astrocytes exposure of cells to HIV-1 gp120 and morphine resulted in cleavage of caspase-1 and pro-IL1β, thereby confirming the combinatorial effects of HIV-1 gp120 and morphine on canonical inflammasome activation and astrocytosis [188]. However, more studies are warranted to demonstrate the interactions of inflammasome signaling and astrocyte senescence in the context of HIV-1 and drug abuse and ensuing neuroinflammaging.




7. Role of Neurons—Inflammasomes and Aging


Studies have shown that structural and metabolic parameters of the brain decline at relatively younger ages in HIV-1-infected Apoε4 carriers leading to the cognitive deficits and inflammation [189,190]. It is important since Apoε4 allele is linked with increased risk of cognitive impairment [191]. Overall, however, neuropsychological studies on the cohort of PLWH have produced conflicting results regarding the impact of ApoE4 or the Apoε4 allele on the course of cognition. During normal aging, ApoE4 contributes to cognitive impairment, and the same effect is observed in the aging HIV-1 population. In vitro studies have demonstrated alterations in neuronal gene expression following exposure of cells to HIV-1. The ApoE4 phenotype potentiates diminished neurogenesis at the gene expression level [192], by direct transcriptional repression for some genes [193]. Thus, the regulation of genes by ApoE4 related to neurogenesis in the brain of PLWH could likely regulate aging and cognitive reserve. Studies on serum from PLWH have demonstrated an association between the inflammatory markers such as CXCL1 and TGF-α and shortening of telomere length. Furthermore, IL10RA on neurons was found to be associated with decreased telomere length [194], thus indicating an inflammaging.



Role of Extracellular Vesicles (EVs) in Aging


Aging is characterized by loss of regenerative capacity and is the predominant risk factor for several diseases and conditions affecting the lifespan of an individual. EVs have been shown to play important roles in aging. Recent study has shown that EVs derived from healthy hypothalamic stem/progenitor cells when implanted into the hypothalamus of mid-aged mice resulted in slowing of aging. Further, functional hypothalamic stem/progenitor cells have also been shown to release EVs into the cerebrospinal fluid (CSF), which could contribute to slowing of the aging process [195]. Interestingly, it was also observed that senescent cells release increased numbers of EVs [196,197,198], leading to senescence-associated secretory phenotype. EVs have also been shown to serve as biomarkers of aging. EVs from the serum of aged rats have been reported to carry reduced levels of CD63 and increased acetylcholinesterase, miR-96, miR-182, miR-183 compared to young controls and these levels were altered by exercise [199]. Moreover, miRNA-183-5p mimic transfected in bone marrow cells, showed reduced cell proliferation and increased senescence, thus indicating that bone marrow EVs from aged animals could suppress osteogenesis [199]. Another interesting study showed that there was a decrease in number of plasma EVs in older individuals and that these EVs were readily taken up by B cells, which induced increased expression of MHC-II on monocytes compared to EVs from younger individuals. This study thus showed that circulating EVs in aged individuals had the potential to modulate immune responses [200].



PLWH with HAND have been shown to exhibit increased prevalence of CSF EVs, which carry cargoes for synapses, glial cells, inflammation, and stress responses compared with CSF EVs from uninfected controls [201]. A recent study from our lab has demonstrated increased numbers of neuronal-derived EVs (NDEVs) derived from the brain and serum of HIV-1 transgenic rats compared to wild-type controls [202]. Higher numbers of NDEVs have also been found in the plasma of PLWH with cognitive impairment and were found to be enriched in high-mobility group box 1 (HMGB1), neurofilament-light (NF-L), and Aβ. These studies thus suggest that NDEVs can serve as potential biomarkers for cognitive impairment in PLWH [203,204]. Additionally, these NDEVs were also shown to decrease in numbers with age in PLWH [204]. Several drugs of abuse have also been shown to potentiate HIV-1 infectivity (Figure 3). Therefore, understanding their role in HIV-1-induced aging will be an important area of research that warrants investigation. It has been reported that cocaine self-administration in mice reduced uptake of NDEVs by the astrocytes primarily in the motor cortex, an effect that was effectively reversed by extinction training [205]. Drugs of abuse like cocaine, morphine, methamphetamine [206,207,208] can induce chronic low-level inflammation and can also potentiate inflammatory status in the context of HIV-1 [209,210,211], which together can contribute to the process of inflammaging. As discussed above presence of ApoE4 is highly prevalent in the aging HIV-1 population. Interestingly, ApoE4 has also been shown to be associated with increased risk of Alzheimer’s disease [212]. Additionally, several studies have shown the deposition of amyloid β plaques and accumulation of neurotoxic amyloid proteins in the brains of PLWH on cART therapy [213,214,215], which can be a potential contributor to the process of inflammation-mediated aging. Although the role of glial cell-induced inflammation and inflammasomes in Alzheimer’s disease has been well studied [82,129,216,217,218,219], a recent study has demonstrated activation of neuronal NLRP1 by Aβ aggregates, and that, this activation cleaved caspase 1, which, in turn, leads to the production of matured IL1β and IL18. These cytokines together can induce the generation of caspase-6, leading to apoptosis and axonal degeneration [127]. It is likely that the packaging of NLRP1 in NDEVs could also lead to widespread neuroinflammation and is an area that warrants future investigation. Similar to Alzheimer’s disease, presence of amyloids also plays an important role in the process of neurodegeneration in PLWH on cART and can thus be considered as a co-morbidity of HIV-1 infection. Alzheimer’s disease-like pathology observed in PLWH can, in turn, lead to inflammaging either directly or via the EVs.





8. Conclusions and Future Perspectives


Overall, HIV-1 and drug abuse play critical roles in inflammasome activation with ensuing neuroinflammation and neuroinflammaging in various CNS cells such as the microglia, astrocytes, and neurons (Figure 4). The development of brain-penetrating small molecules that can function as ROS scavengers, inflammasome modulators, and anti-inflammatory molecules that can dampen inflammasome signaling pathways could be considered as potential therapeutic strategies for restoring cognitive deficits associated with neurodegenerative disorders as well as neuroinflammaging. It should be cautioned that detailed mechanistic studies aimed at targeting specific cell types in the CNS are warranted before these molecules can enter the realm of clinical trials. In the future, it would be important to integrate the brain permeant signaling mediators of inflammasome signaling as adjunctive therapies with the current therapeutic archetypes for targeting neuroinflammaging.
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Figure 1. Schematic diagram depicts the various cellular pathways implicated in inflammaging. 
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Figure 2. Schematic diagram depicts the mechanism(s) by which HIV-1/HIV-1 Tat and drug abuse modulate the NLRP3 and NLRC5 inflammasome signaling in the microglial cells. HIV-1/HIV-1 proteins, and drugs of abuse co-operatively activate microglia via: a) downregulated expression of NLRC5 resulting in activation of NF-κB (signal 1), leading, in turn, to transcriptional upregulation of NLRP3, and IL1β, and b) induction of ROS-mediated mitochondrial dysfunction (signal 2), which, in turn, induces assembly of NLRP3 inflammasome, leading to increased cleavage and secretion of mature IL1β, ultimately culminating in neuroinflammation and ensuing inflammaging. 
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Figure 3. Alzheimer’s like neuropathology in HIV-1 leads to inflammaging: Amyloids that are synthesized by the neurons and non-neuronal cells in the presence of HIV-1 in the CNS can lead to neuroinflammation either directly, or via the amyloid carrying EV cargoes. Accumulation of amyloids causes tissue damage and leads to inflammation and infiltration of immune cells into the brain, in turn, resulting in the activation of glial cells and production of proinflammatory mediators. furthermore, these pathways can trigger a vicious cycle leading to increased production of amyloids and chronic neuroinflammation, ultimately culminating in inflammaging. 
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Figure 4. HIV-1/HIV-1 proteins, cART, and/or drug abuse induce inflammasome proteins via oxidative stress, altered miR expression, and EVs, thereby triggering glial activation, leading to secretion of proinflammatory cytokines resulting in synaptodendritic injury and neuroinflammation and ultimately neuroinflammaging. 
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