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Editorial on the Research Topic
 Advances in Understanding NeuroHIV Associated Changes in Neuroimmune Communication in the Combined Anti-retroviral Therapy (cART) Era



It has been almost 40 years since the first cases of AIDS were reported in Morbidity and Mortality Weekly in the fall of 1981 (1). During that time, almost 80 million people have been infected and more than 36 million people have died from HIV, with 1.5 million new infections and 680,000 deaths occurring in 2020. Despite these alarming numbers, there has been significant progress in controlling this pandemic as HIV infections and deaths have decreased 50–60% from their peaks in 1997 and 2004, respectively. This is largely due to the development and implementation of antiretroviral therapy (ART). In 2020, around two thirds of people living with HIV (PLWH) were treated with ART to suppress viral replication (2–6). Widespread access to ART has brought us to an inflection point in the pandemic, transforming HIV from a terminal diagnosis to a chronic condition.

Unfortunately, chronic infection and ART treatment have led to a variety of new health challenges, including long-term neurological dysfunction. In the absence of ART, PLWH showed rampant neuroinflammation and significant neuronal death associated with high rates of dementia. With ART, the neuropathology associated with HIV infection has become both more subtle and more complex. Importantly, even with suppression of viral replication to below the level of detection, neuropathological changes, minor neurocognitive dysfunction, depression, and other neuropsychiatric adverse events (NPAE) remain prevalent (5, 7–15), suggesting that the etiology of these conditions is not solely derived from viral replication. As Spagnolo-Allende and Gutierrez discuss in their review of cerebrovascular complications in neuroHIV, HIV proteins and associated neuroinflammation can initiate and/or exacerbate multiple types of vascular complications. Distinct phenotypes of vascular insults are associated with the presence or absence of ART in PLWH, so further study in this area is important given the growing incidence of cerebrovascular disease in PLWH on ART, particularly older individuals.

Neuronal health and function are maintained by complex, bidirectional interactions among neurons, astrocytes, microglia, and central nervous system (CNS) macrophages (16–18). Data suggest that neuroHIV stems, at least partially, from disruption of this communication, impairing neurotransmission, synapse formation/dissolution and neuroimmune communication. Some studies suggest that antiretroviral (ARV) drugs themselves may contribute to these changes in neuroimmune communication and neurological dysfunction (19–22). The data from Tripathi et al. support this possibility, showing that in both isolated rodent microglia and in HIV-1 transgenic rats, exposure to ART mediates microglial activation through oxidative stress-mediated lysosomal dysfunction. George et al., also demonstrate that antiretroviral drugs dolutegravir, emtricitabine, and efavirenz induce cell-type specific changes in ATP generation and mitochondrial respiration in epithelial and microglial cell lines, suggesting metabolic changes may contribute ARV toxicity in specific cell types. Dastgheyb et al. compared neurocognitive function between 929 virally suppressed women living with HIV and 717 HIV-uninfected women, identifying distinct neuropsychological profiles associated with both demographic and clinical variables, including the use of specific ARVs. Together, these data indicate more in-depth analyses of specific impacts of distinct ARVs both in vitro in discrete cell types and in humans in conjunction with analyses of a larger combination of variables could help to identify and/or predict neuropathological and neurocognitive response patterns to specific ART regimens.

Currently, the spread of HIV is increasingly driven by marginalized populations, including transgender women, sex workers, men who have sex with men and individuals using injection drugs. In each of these groups, the risk of HIV infection is 25 to 35 times higher than that in the general population (3). These populations have a high prevalence of substance use disorders (23–28) and hepatitis C (HCV) (29–32), so it is critical to evaluate their impact on neuroimmune communication, neuropathogenesis and neurological function. Paul et al. analyzed the neurocognitive response to ART in PLWH with co-occurring HCV infection, showing that both mono-HIV infected, and co-HIV/HCV infected individuals had significant neurocognitive improvement in response to ART. Notably, a subgroup of co-infected individuals with higher HIV plasma viral load and lower plasma CD4+ T cell count at baseline showed persistent motor deficits. In contrast, Matt et al. show that exposure to dopamine concentrations induced by the use of addictive drugs (33, 34) alters the efficacy of the CCR5 antagonist Maraviroc by increasing CCR5 expression on the macrophage surface. Cisneros et al., show that methamphetamine mediated activation of trace amino acid receptor 1 (TAAR1) triggers multiple signaling pathways in human astrocytes, regulating the expression of the glutamate receptor EAAT-2 through activation of CAMKII and Ca2+ release, and phosphorylating CREB via both the Ca2+ release and cAMP pathways. These data support substantial research indicating that both dopamine and substances of abuse can potentially exacerbate HIV infection and dysregulate associated cellular processes in the CNS.

While the above studies suggest that substances of abuse could exacerbate neuroHIV, other studies on abused substances suggest novel therapeutic activity for different drugs or neurotransmitter systems. In primary rodent neurons, League et al., show that blocking the activity of monoacylglyerol lipase (MAGL) reduces the neurotoxic effects of Tat. As MAGL drives metabolism of the cannabinoid receptor (CB1R) agonist, 2-arachidonoylglycerol, these data support the idea of using the endocannabinoid system as a target for neurotherapeutic adjuvants in ART-treated PLWH. Lin et al. show that the benzodiazepine, alprazolam (Xanax), alters the activity of the transcription factor RUNX1 and STAT5. Recent data show that benzodiazepines are overprescribed to PLWH and are associated with neurocognitive deficits, so these data suggest alprazolam may influence neuroinflammation and provide a mechanism underlying prior studies showing alprazolam can reactivate latent HIV. Han et al. use the iTat rodent model to show that Tat expression increases functional and structural indices of motor and sensory neuropathy, dysregulating the expression of proteins in the electron transport chain and the mitochondria. These effects were blocked by treatment with the muscarinic receptor 1 antagonist pirenzepine, which promotes mitochondrial biogenesis, suggesting the involvement of the muscarinic system in HIV distal sensory polyneuropathy. In another study using the iTat model, Joshi et al., compare acute vs. prolonged Tat induction and show prolonged Tat induction reduced locomotor activity and caused a small but significant increase in the ratio of MMP to TIMP1, while the acute induction of Tat reduced IL-6 mRNA expression.

The studies from this special collection reinforce that the development of neuroHIV is multi-factorial, driven by altered interactions among distinct types of CNS cells and interconnecting neurotransmitter, signaling and metabolic pathways. These data also collectively show that neuroHIV can be exacerbated by a variety of comorbidities and other factors including ART. Future studies should continue to evaluate the discrete impacts of ART and comorbidities, like substance abuse and HCV, as well as the combined effects of these conditions and their capacity to drive the growing number of complications associated with neuroHIV.
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Successful suppression of viral replication by combined antiretroviral therapy (cART) in HIV-1 infected individuals is paradoxically also accompanied by an increased prevalence of HIV-associated neurocognitive disorders (HAND) in these individuals. HAND is characterized by a state of chronic oxidative stress and inflammation. Microglia are extremely sensitive to a plethora of stimuli, including viral proteins and cART. The current study aimed to assess the effects of cART-mediated oxidative stress on the induction of inflammatory responses in microglia. In the present study, we chose a combination of three commonly used antiretroviral drugs—tenofovir disoproxil fumarate, emtricitabine, and dolutegravir. We demonstrated that exposure of microglia to the chosen cART cocktail induced generation of reactive oxygen species, subsequently leading to lysosomal dysfunction and dysregulated autophagy, ultimately resulting in the activation of microglia. Intriguingly, the potent antioxidant, N-acetylcysteine, reversed the damaging effects of cART. These in vitro findings were further corroborated in vivo wherein cART-treated HIV transgenic (Tg) rats demonstrated increased microglial activation, exaggerated lysosome impairment, and dysregulated autophagy in the prefrontal cortices compared with HIV Tg rats not exposed to cART. Similar to in vitro findings, the treatment of HIV Tg rats with N-acetylcysteine also mitigated the deleterious effects of cART. Taken together, our findings suggest that oxidative stress-mediated lysosomal dysfunction plays a critical role in the pathogenesis of HAND in drug-treated HIV-infected individuals and that antioxidant-mediated mitigation of oxidative stress could thus be considered as an adjunctive therapeutic strategy for ameliorating/dampening some of the neurological complications of HAND.

Keywords: combined antiretroviral therapy, N-acetylcysteine, lysosome, autophagy, microglial activation, neuroinflammation


INTRODUCTION

With the advent of combined antiretroviral therapy (cART), HIV infection has transformed from a death sentence to a more chronic and manageable disease (1–3). Almost 50% of the infected individuals develop HIV-associated neurocognitive disorders (HANDs), with symptoms ranging from asymptomatic to mild cognitive–motor disorders. This, in turn, severely impacts the quality of life of those afflicted with the disease (3). Although the mechanism(s) underlying pathogenesis of HAND is not clearly understood, associated oxidative stress, immune activation, and inflammation have been implicated in the process (4, 5).

Microglia are the predominant brain-resident macrophages that maintain central nervous system (CNS) homeostasis under basal conditions and also during moderate activation. Prolonged microglial activation, on the other hand, impairs the ability of microglia to maintain cellular homeostasis and leads to significant neuronal dysfunction and cognitive impairment, with exacerbated neuroinflammation in the CNS (6, 7). Exacerbated microglial activation and neuroinflammation are hallmark features of HAND pathogenesis in HIV-infected individuals on cART (8–10). Prolonged exposure to cART has been reported to activate microglia (11–13). Impaired lysosomal functioning has been shown to underlie microglial activation and increased neuroinflammation (14, 15). In fact, findings from our group have identified the role of lysosomal dysfunction in cART-mediated dysregulation of autophagy (13).

Lysosomes are specialized membrane-enclosed cellular organelles that receive and degrade macromolecules from phagocytosis, endocytosis, or autophagy pathways (16). Lysosomes are extremely sensitive to oxidative stress, which causes lysosomal dysfunction (17). The role of oxidative stress, caused by an imbalance between the production and elimination of reactive oxygen species (ROS), has been well-documented in the onset of chronic inflammatory diseases (18, 19). Along these lines, redox imbalance has been reported in the serum and cerebrospinal fluid of HIV-1 patients treated with cART (20, 21). In fact, there is also a report on the involvement of oxidative stress in antiretroviral drugs-mediated neuronal damage in the CNS (22). Oxidative stress could thus play a key role in the pathogenesis of HAND. Strategies aimed at reducing or preventing the generation of oxidative stress (23) could thus be a plausible mechanism to mitigate cART-mediated induction of microglial activation and neuroinflammation.

In the current study, induction of oxidative stress was examined by assessing the levels of ROS in microglial cells exposed to cART. Furthermore, it was also shown that the treatment of microglia with potent antioxidant N-acetylcysteine (NAC) abrogated cART-mediated activation of microglia. We acknowledge that there are several other combinations of antiretroviral drugs, and the most common first-line cART regimens include two nucleoside reverse transcriptase inhibitors (NRTIs) plus a boosted protease inhibitor or an integrase inhibitor (24, 25). In the present study, we chose to study a combination of two NRTIs, tenofovir disoproxil fumarate (TDF) and emtricitabine (FTC), and an integrase inhibitor, dolutegravir (DTG). This combination has been effectively used in the simian immunodeficiency virus (SIV)/macaque model (26, 27), and these drugs are also common in the clinical setting (25, 28–30). Our in vitro findings were further corroborated by in vivo studies, wherein HIV Tg rats (expressing seven of the nine HIV proteins) that were treated with cART exhibited exaggerated neuroinflammation and lysosomal damage compared with HIV Tg rats not treated with cART. Consistently, the treatment of HIV Tg rats with NAC resulted in the failure of cART to mediate microglial activation, and this was also accompanied by the restoration of impaired lysosomal and autophagy processes. Our findings thus suggest that oxidative stress-mediated lysosomal dysfunction likely plays a critical role in the pathogenesis of HAND in cART-treated HIV-infected individuals and that antioxidant-mediated mitigation of oxidative stress could be considered as an adjunctive therapeutic strategy for ameliorating/dampening some of the neurological complications of HAND.



MATERIALS AND METHODS


Reagents

Antiretroviral drugs TDF, FTC (Gilead Sciences, Foster City, CA, USA), and DTG (ViiV Healthcare, Research Triangle Park, NC, USA) were used. NAC (A7250) and (2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride (mitoTEMPO; SML0737) were purchased from Sigma-Aldrich, St. Louis, MO, USA, and 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL; sc-200825) was purchased from Santa Cruz Biotechnology, Dallas, TX, USA. Antibody resources: beclin 1 (BECN1; sc-11427) was purchased from Santa Cruz Biotechnology, Dallas, TX, USA. Lysosome associated membrane protein 2 (LAMP2; NB300-591), microtubule-associated protein 1 light chain 3 beta (MAP1LC3B; NB100-2220), and integrin subunit alpha M (ITGAM; NB110-89474) were purchased from Novus Biological Company, Centennial, CO, USA. Cathepsin D (CTSD; ab75852) and caspase 3 (CASP3; ab13585) were purchased from Abcam, Cambridge, MA, USA. Galectin 3 (GAL3) (A3A12) was purchased from Invitrogen. Sequestosome 1 (SQSTM1; PM045) was purchased from MBL International, Woburn, MA, USA, and allograft inflammatory factor 1 (AIF1; 019-19741) was purchased from Wako Pure Chemicals Industries, Chuo-ku, Osaka, Japan. Goat anti-rabbit (sc-2004) and goat anti-mouse (sc-2005) were purchased from Santa Cruz Biotechnology, Dallas, TX, USA.



Animals

Male Sprague–Dawley (8–9 months old) HIV-1 transgenic rats (HIV-1, F344) were housed in a 12-h light and 12-h dark cycle under conditions of constant temperature and humidity. Food and water were available ad libitum. All animal procedures were performed according to the protocols approved by the Institutional Animal Care and Use Committee of the University of Nebraska Medical Center and the National Institutes of Health.



Rat Primary Microglial Cell Isolation

Primary microglial cells were obtained from the cerebral cortices of 1–3-days-old newborn Sprague–Dawley pups. Briefly, cerebral cortices from the pups were dissected, and meninges were removed. Mixed glial cultures were prepared by form-dissected brain cortices after digestion and dissociation in Hank's buffered salt solution (HBSS, Thermo Fisher Scientific Waltham, MA, USA, 14025076) supplemented with 0.25% trypsin (Thermo Fisher Scientific, Waltham, MA, USA, 25300-054), followed by triturating and passing through a 40-μm nylon mesh. Cells were centrifuged and resuspended in Dulbecco modified Eagle medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA, 11995-065) supplemented with 10% heated inactivated fetal bovine serum (FBS, Thermo Fisher Scientific Waltham, MA, USA, 16000-044), 100-U/ml penicillin−0.1-mg/ml streptomycin, and 0.25-ng/ml macrophage colony-stimulating factor (Thermo Fisher Scientific Waltham, MA, USA, PHC9504). Cells were plated at 20 × 106 cells/flask density onto 75-cm2 cell culture flasks. The cell culture medium was changed every third day. When confluent (around 8–10 days), mixed glial cultures were shaken at 37°C at 220 g for 2 h, to detach microglia from the flasks. Detached microglia were plated and cultured for an additional 24 h for further experimental use. Microglial purity was evaluated by immune-histochemical staining using the antibody specific for AIF1 (Wako Pure Chemical Industries Chuo-ku, Osaka, Japan, 019-19741) and was >95% pure.



Antiretroviral Drugs

For in vitro experiments, antiretroviral stock solutions were prepared by dissolving the drugs (TDF, FTC, and DTG) in dimethyl sulfoxide (DMSO). Final concentrations of each antiretroviral drugs (TDF, FTC, and DTG) in the cART cocktail were 5 μM. DMSO was <0.01% (v/v) in the cART-treated and control groups.



Western Blotting

Treated rat primary microglial cells (rPMs) and brain tissues were lysed using radioimmunoprecipitation assay buffer supplemented with a cocktail of protease inhibitor (Thermo Fisher Scientific Waltham, MA, USA, 78429) and phosphatase inhibitor (Thermo Fisher Scientific Waltham, MA, USA, 78426) using Fisherbrand™ Q125 Sonicator. Cell and tissue lysates were centrifuged at 12,000 g for 15 min at 4°C to remove the debris. The concentration of protein was determined by a bicinchoninic acid assay (Thermo Fisher Scientific Waltham, MA, USA, 23227) according to the manufacturer's guidelines. Proteins were electrophoresed in equal concentration in a sodium dodecyl sulfate-polyacrylamide gel under reducing conditions and then transferred to polyvinylidene difluoride membranes (Sigma-Aldrich, St. Louis, MO, USA, IPVH00010). Then, the polyvinylidene difluoride membranes were blocked with 5% non-fat dry milk in 1× Tween–Tris-buffered saline (1.21-g Tris [Fisher Scientific, Hampton, NH, USA, BP152-5], 8.77-g sodium chloride [Fisher Scientific, Hampton, NH, USA, BP358-212], 500-μl Tween-20 [Fisher Scientific, Hampton, NH, USA, BP337-500], pH 7.6 for 1 L). After, blocking blots were then probed with primary antibodies overnight at 4°C. Actin beta (ACTB; Sigma-Aldrich, St. Louis, MO, USA, A5441) was used to normalize the protein. The horseradish peroxidase-conjugated secondary antibodies to goat anti-mouse/rabbit IgG were probed for 1 h followed by detection of immunoreactive bands using Super Signal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific Waltham, MA, USA, 34078).



Immunocytochemistry

After the treatment, rPMs were fixed with 4% paraformaldehyde at room temperature for 15 min, then permeabilized with 0.3% Triton X-100 (Fisher Scientific, Hampton, NH, USA, BP151-500) in phosphate-buffered saline (PBS, Fisher Scientific, Hampton, NH, USA, SH3025801). Cells were then blocked with 10% normal goat serum in PBS for 1 h at room temperature. Then, primary antibodies were added and incubated overnight at 4°C. Following this, the secondary antibodies were added for 2 h. Cells were then washed in PBS (three times) and mounted with Prolong gold antifade reagent with 4,6-diamidino-2-phenylindole (Thermo Fisher Scientific, Waltham, MA, USA, P36935). Images of fluorescent cells were taken with a Zeiss Observer using a Z1 inverted microscope (Carl Zeiss, Thornwood, NY, USA), and analysis of the images was done using the AxioVs 40 Version 4.8.0.0 software (Carl Zeiss, Thornwood, NY, USA).



Quantification of Microtubule-Associated Protein 1 Light Chain 3 Beta and Lysosome Associated Membrane Protein 2 Puncta

Fluorescence images were acquired with Zeiss Observer using a Z1-inverted microscope (Carl Zeiss, Thornwood, NY, USA). Images thus acquired were analyzed using Image J software. Firstly, the region of interest in the cells to be analyzed was selected using the polygon selection tool. Fluorescence was converted to black pixels over a white background. The regions of interest were then analyzed by Measure Particle algorithm to record puncta number, area, and size (13).



Reactive Oxygen Species Detection

Detection of ROS was performed according to the manufacturer's (Life technologies, D-339) recommended protocol using Image-iT™ LIVE Green ROS Detection Kit (Thermo Fisher Scientific, Waltham, MA, USA, 136007). Briefly, cells were seeded in 96 wells a day before the experiment. Cells were washed with HBSS (Thermo Fisher Scientific Waltham, MA, USA, 14025076), supplemented with a 25-μM carboxy-H2DCFDA working solution, and incubated for 30 min at 37°C. In addition to carboxy-H2DCFDA, the kit provides the common inducer of ROS production tert-butyl hydroperoxide (TBHP) as a positive control. The changes in fluorescence were measured using a spectrofluorometer set at 485-nm excitation and 530-nm emission.



Real-Time Quantitative PCR

Total RNA was extracted using Quick-RNA™ Miniprep Kit (Zymo Research, Irvine, CA, USA, R1055). Column purified, total RNA was reverse transcribed to complementary DNA using a Verso complementary DNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA, AB-1453/B). Reverse-transcribed RNA was analyzed by Applied Biosystems™ 7500 Real-Time PCR (Thermo Fisher Scientific, Waltham, MA, USA) using the real-time PCR that was performed using the TaqMan-Master mix and TaqMan gene expression assays with FAM-labeled probes using standard amplification protocol (Applied Biosystems). Rat primers for tumor necrosis factor (Tnf; Rn01525859_g1), interleukin 6 (Il6; Rn01410330_m1), interleukin 1 beta (Il1β; Rn00580432_m1), and Gapdh (Rn01775763_g1) were purchased from Thermo Fisher Scientific, Waltham, MA, USA. Gapdh was used as an internal control for normalization. Experiments were carried out in triplicate. The fold change in expression was then obtained by the 2−ΔΔCT method.



Immunohistochemistry

Animals were perfused, and immunohistochemical procedures were performed as described later. Rapidly frozen sections with 20 μM were co-incubated with primary anti-AIF1 antibody (Wako Pure Chemical Industries, Chuo-ku, Osaka, Japan, 019-19741) and anti-LAMP2 antibody (Santa Cruz Biotechnology, Dallas, TX, USA, sc-19991) overnight at 4°C. Secondary AlexaFluor 488 goat anti-rabbit IgG (A-11008) or AlexaFluor 594 goat anti-mouse (A-11032) from Thermo Fisher Scientific Waltham, MA, USA, was added for 2 h to detect Iba1 and LAMP2, followed by mounting of sections with prolong gold antifade reagent with 4,6-diamidino-2-phenylindole (Thermo Fisher Scientific, Waltham, MA, USA, P36935). Fluorescent images were acquired on a Zeiss Observer. AxioVs 40 4.8.0.0 software (Carl Zeiss, Thornwood, NY, USA) was used to process the images.



Cathepsin D Activity

CTSD Activity Assay Kit (Fluorometric; ab65302) from Abcam, Cambridge, MA, USA, was used to study CTSD activity. The cell lysates were incubated with reaction buffer for 1 h at 37°C. CTSD activity was determined by comparing the relative fluorescence units (Ex/Em = 328/460 nm) against the levels of the controls.



Lysosomal Membrane Permeability Assay

Acridine orange is a versatile fluorescence dye that easily crosses the cell membrane and reversibly accumulates into acidified membrane-bound compartments, such as lysosomes. Acridine orange gives fluorescence emission in a concentration-dependent manner, which is red at high concentrations (e.g., in lysosomes) to green at low concentrations (e.g., in the cytosol), with yellow as intermediate (e.g., upon trapping in nucleoli). The ratio of red-to-green emission in comparison with controls may thus either monitor lysosomal leakage or change in lysosomal pH. rPMs were grown in 96-well culture plates. rPMs were first exposed with acridine orange (5 μg/ml) at 37°C for 15 min, which were rinsed, then incubated in HBSS with or without cART and NAC for the indicated times. Cells were examined at 1 h intervals using a Synergy™ Mx Monochromator-Based Multi-Mode Microplate Reader (BioTek Instruments, Inc. Winooski, VT, USA) with excitation wavelength at 485 nm and emission recorded at 530 and 620 nm. To further confirm cART-mediated lysosomal membrane permeabilization (LMP), cells were stained with GAL3 and LAMP2.



Plasmid Transfection

To study the autophagosome formation and maturation, rPMs were transfected with tandem fluorescent-tagged MAP1LC3B plasmid (ptfLC3; a gift from Tamotsu Yoshimori; Addgene, 21074) (31). Briefly, cells were grown in 10% FBS-DMEM overnight until 70% confluence. Then, the culture medium was replaced with 250 μl of Opti-MEM® I Reduced Serum Medium. Cells were then transfected with the GFP-MAP1LC3B plasmid using Lipofectamine® 3000 Reagent, according to the manufacturer's protocol, for 12 h. After that, the culture medium was replaced with the 10% heat-inactivated FBS-DMEM for 24 h. Cells were then treated with various reagents for the indicated time and processed for further analysis.



Combined Antiretroviral Therapy Injection in HIV Tg Rats

HIV-1 Tg rats (8–9 months old) were randomly separated into four groups (n = 3): (1) saline, (2) cART, (3) cART + NAC, and (4) NAC. For the usage of cART, the preformulated cocktail contained two reverse transcriptase inhibitors, 10-mg/kg TDF, and 25-mg/kg FTC plus 1.25 mg/kg of the integrase inhibitor DTG in a solvent containing 25% (v/v) polyethylene glycol 400 (PEG-400, Sigma-Aldrich, St. Louis, MO, USA, PX1286B-2), 15% (w/v) captisol, and 0.075-N sodium hydroxide (Sigma-Aldrich, St. Louis, MO, USA, S8045) in water. We do acknowledge that there are several combinations of antiretroviral drugs and that the common first-line cART regimen includes two NRTIs and a boosted protease inhibitor or an integrase inhibitor (24, 25). In the present study, we sought to assess the effect of a combination of two NRTIs, TDF and FTC, and an integrase inhibitor, DTG, on microglial activation. The rationale for using the antiretroviral cocktail in this study is based on the fact that this regimen is not only shown to be effective in inhibiting virus replication in the clinical setting (25, 28–30) but also have been efficacious in the SIV–macaque model (26, 27), as well as the humanized mouse model of HIV-1 infection (32). According to the US Food and Drug Administration, due to the increased metabolic rates exhibited by rats, the recommended equivalent drug dose should be ~6 times higher than the human dose (33, 34). We have followed guidelines for maximum injection volume by species and site location (33). The antiretroviral regimen (TDF, FTC, and DTG) and NAC (200 mg/kg) were injected (intraperitoneal) for 3 weeks. Rats were killed 1 h after the last injection. Rats were perfused with 0.1-M cold PBS for brain removal. The prefrontal cortex was used for total RNA and protein extraction along with the brain section preparation.



Statistical Analysis

The results are presented as mean ± SEM and were evaluated using a one-way analysis of variance followed by a Bonferroni (Dunn) comparison of multiple experimental groups. The Student t-test was used for comparing two groups. All the statistical analyses were assessed using the GraphPad Prism software (Version 6.01). Values were considered statistically significant when P < 0.05.




RESULTS


Combined Antiretroviral Therapy-Mediated Generation of Reactive Oxygen Species in Rat Primary Microglial Cells

Our recent findings have shown that cART-mediated lysosomal dysfunction causes dysregulated autophagy leading, in turn, to microglial activation (13). In the present study, we sought to explore the upstream mediators underlying these processes. Induction of oxidative stress has been well-documented in the setting of HIV-1 infection and the context of antiretroviral therapy (20, 21, 35). For example, increased levels of oxidants and a concomitant decrease in antioxidant levels have been documented in the serum of HIV-1 infected individuals receiving antiretroviral therapy (21). We thus next sought to determine the possible involvement of ROS in cART-mediated lysosomal dysfunction and autophagy dysregulation. rPMs were exposed to cART (TDF, FTC, and DTG), each at 5 μM for various time points (0–24 h), and assessed for a generation of ROS using the DCFH-DA assay. The rationale for choosing the combination and concentrations of drugs is based on several published reports (36–38). In our previous published study (13), we have studied the effects of individual and the combinations of TDF, FTC, and DTG on lysosomal function. Our data showed a combination of three antiretroviral drugs that significantly affected lysosomal function, which is often recommended as first-line therapy for HIV-1 infection (24). Thus, cART (TDF, FTC, and DTG; each at 5 μM) was chosen for the subsequent experiments. Firstly, the toxicity of the cART cocktail was checked by analyzing cell survival. As shown in Figure S1A, there was no significant difference in the cell survival of the cART-treated and non-treated rPMs. Next, as shown in Figure 1A, exposure of rPMs to cART resulted in significant induction of ROS within 60 min, with a peak induction at 3 h (~8-fold; representative ROS staining is shown in Figure 1B), followed by a gradual decline, however, maintained ~4-fold higher as compared with control rPMs. Next, we inhibited the generation of ROS by treating the rPMs with ROS scavengers, such as NAC (5 mM; a thiol-containing ROS scavenger), TEMPOL (20 μM; a non-thiol-containing ROS scavenger), or mitoTEMPO (10 μM; a mitochondria-specific ROS scavenger), for 1 h followed by exposure of cells to cART for an additional 24 h. TBHP was used as a positive control for ROS generation. As shown in Figure 1C, treatment of the cells with either NAC, TEMPOL, or mitoTEMPO significantly abrogated cART-mediated induction of ROS. Among the three ROS scavengers, NAC showed a maximum ROS scavenging effect in the rPMs treated with cART. NAC is a potent antioxidant that is well-known for its ability to mitigate oxidative stress and its downstream adverse effects (39). NAC exhibits both direct as well as indirect antioxidant properties. Its direct effect is due to a free thiol group interacting with and scavenging ROS. Its indirect antioxidant effect, on the other hand, is related to its role as glutathione (GSH) precursor, leading to increased intracellular GSH concentrations (40). There are reports suggesting replenishment of whole-blood GSH and T-cell GSH levels in HIV-infected individuals after NAC treatment (41).
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FIGURE 1. Combined antiretroviral therapy (cART)-mediated reactive oxygen species (ROS) generation in rat primary microglial cells (rPMs). (A) Representative graph showing increased generation of ROS in rPMs exposed to cART at varying time points. (B) Representative fluorescent-microscopic image showing cART-mediated ROS generation at 3 and 24 h (Scale bar: 10 μm). (C) Representative graph showing effect of ROS scavengers N-acetylcysteine (NAC), 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) or (2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride (mitoTEMPO) on cART-mediated upregulation of ROS. rPMS was treated with ROS scavengers for 1 h, followed by exposure of cells to cART for an additional 24 h. Tert-butyl hydroperoxide (TBHP) was used as a positive control for ROS generation. Data are from three independent experiments and are represented as means ± SEM using a one-way analysis of variance followed by a Bonferroni (Dunn) comparison of groups. *P < 0.05 vs. control; #P < 0.05 vs. cART.




N-Acetylcysteine-Reversed Combined Antiretroviral Therapy-Mediated Lysosomal Dysfunction in Rat Primary Microglial Cells

Our previous findings showed cART-mediated lysosomal dysfunction (13). Our data showed significant downregulation of LAMP2 expression starting at 6 h, with a continued trend of downregulation up to 24 h in the rPMs exposed to cART. In the present study, we sought to determine whether cART-mediated ROS induction played a role in lysosomal dysfunction. To validate this, rPMs were treated with cART cocktail with or without NAC (5 mM) for 24 h, after which the expression of LAMP2 and mature (m)CTSD proteins was assessed by Western blotting. LAMP2 is a lysosome membrane protein whose downregulation affects lysosomal membrane permeability. mCTSD is the mature form of pro-cathepsin (pCTSD). The maturation of cathepsins and their activity is dependent on the acidity of the lysosomes (low pH) (42–44). Interestingly, rPMs treated with NAC abrogated cART-mediated downregulation of LAMP2 (Figure 2A) and mCTSD (Figure 2B). Additionally, we also performed a lysosomal functional analysis in rPMs treated with cART cocktail with or without NAC for 24 h. Treatment of rPMs with NAC significantly abrogated cART-mediated upregulation of LMP (Figure 2C). Furthermore, NAC abrogated cART-mediated downregulation of CTSD activity (Figure 2D). Next, we thus sought to determine the role of NAC in maintaining lysosomal pH in the rPMs treated with cART. As shown in Figure 2E, the treatment of rPMs with NAC inhibited a cART-mediated increase in lysosomal pH in rPMs.
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FIGURE 2. N-acetylcysteine (NAC) reverses combined antiretroviral therapy (cART)-mediated lysosomal dysfunction in rat primary microglial cells (rPMs). rPMs were seeded into six-well plates and subject to various treatments for 24 h. Protein homogenates were prepared for the detection of indicated molecules. (A,B) Representative Western blots showing treatment of microglia with NAC-reversed cART-mediated downregulation of lysosomal-associated membrane protein 2 (LAMP2) (A) and mature cathepsin D (mCTSD) expression levels (B). mCTSD is the mature form of pro-cathepsin (pCTSD). Maturation of cathepsins and their activity is dependent on the acidity of the lysosomes (low pH). (C–E) Representative bar graph showing NAC-mediated protection of lysosomal membrane permeabilization (LMP) (C), CTSD activity (D), and lysosomal pH (E) in the presence of cART. (F) Representative fluorescent-microscopic image showing the cART-mediated increase in LAMP2 and galectin 3 (GAL3) colocalization (Scale bar: 5 μm). (G) Representative bar graph showing quantitative values of LAMP2 and GAL3 colocalization. A minimum of 50 randomly chosen cells for each experimental group were analyzed. For all Western blots, ACTB served as a protein loading control. Data are from three independent experiments and are represented as means ± SEM and were analyzed using one-way ANOVA. *P < 0.05 vs. control; #P < 0.05 vs. cART.


To further assess the role of cART on LMP, we analyzed the translocation of GAL3 into the damaged lysosomes. GAL3 staining is one of the best approaches for determining LMP, a process by which leaky lysosomes are detected because of abundant and rapid translocation of GAL3 into the leaky lysosomes. Under normal conditions, GAL3 is uniformly distributed in the cells, and any change in LMP results in the translocation of GAL3 into the leaky lysosomes, thereby forming the puncta (45). As shown in Figures 2F,G, exposure of rPMs to cART (24 h) significantly increased the colocalization of LAMP2 with GAL3, and this effect was significantly abrogated in cells that were treated with NAC, followed by exposure to cART. Furthermore, acridine orange staining was performed in rPMs exposed to cART to validate further the findings observed with LMP. Acridine orange is a fluorescent dye that easily traverses the cell membrane. Acridine orange, which is a weak base, reversibly accumulates into the acidified membrane-bound compartments, such as the lysosomes. The fluorescent emission of acridine orange is concentration-dependent, being red at high concentrations (e.g., in lysosomes) and green at low concentrations (e.g., in the cytosol), with yellow as intermediate (e.g., upon trapping in nucleoli). Thus, lysosomal leakage or lysosomal pH change can be easily assessed by determining the shifts from red-to-green emission ratio in comparison with the respective control cells. As shown in Figures S1B,C, rPMs exposed to cART exhibited increased green emission that was significantly abrogated in cells treated with NAC followed by exposure to cART. Furthermore, as the cART stock solutions were prepared in DMSO, the effect of untreated and DMSO (vehicle, 0.01% [v/v]) treatment was checked on rPMs. As shown in Figure S3, there was no significant difference in the ROS, CD11b, and LAMP2 levels in the untreated and DMSO (vehicle)-treated rPMs.



N-Acetylcysteine-Reversed Combined Antiretroviral Therapy-Mediated Autophagy Dysregulation in Rat Primary Microglial Cells

In our previous published study, we have shown cART-mediated autophagy dysregulation (13). Autophagy is regulated by autophagy-associated proteins, such as BECN1, an autophagosome initiation marker, and microtubule-associated protein 1 light chain 3 beta (MAP1LC3B/LC3B), an autophagosome formation marker, and SQSTM1/p62, an autophagy degradation marker. Defective or impaired autophagy, on the other hand, is shown to be associated with the accumulation of the protein p62 (46, 47). Data from our previous study showed no significant difference in the accumulation of MAP1LC3B and SQSTM1 in the rPMs exposed to cART in the presence/absence of Bafilomycin A1, which confirmed the accumulation of autophagosomes in the cART-treated rPMs. In the present study, we sought to determine the role of cART-mediated ROS induction in dysregulation of autophagy. To validate this, rPMs were treated with cART cocktail with or without NAC for 24 h, after which the expression of autophagy markers MAP1LC3B and SQSTM1 was assessed by Western blotting. As expected, and as shown in Figures 3A,B, the treatment of rPMs with NAC markedly blocked the cART-mediated upregulation of MAP1LC3B along with SQSTM1, thereby implying increased autophagosome–lysosome fusion. To further validate these findings and to decipher the ability of cART to regulate the autophagosome–lysosome fusion efficiency, rPMs were transfected with a tandem fluorescent-tagged MAP1LC3B reporter plasmid followed by treatment of cells with cART with or without NAC. This reporter plasmid is an indicator of the extent of autophagic flux, as evidenced by the fluorescent color (yellow or red) (31). Under basal conditions, there is an even distribution of the red and the green signals. Autophagosome formation is represented by yellow puncta, owing to the colocalization of red and green fluorescence. Additionally, the maturation stage is represented by the red puncta, as green fluorescence is quenched in the autolysosomes, owing to the acidic environment. As shown in Figures 3C,D, rPMs treated with cART exhibited a significant increase in the yellow puncta and decreased in the red puncta, thereby indicating incomplete autophagosome maturation. On the other hand, rPMs treated with NAC followed by cART exposure (for 24 h) demonstrated a significant increase in the red puncta with a moderate level of yellow puncta compared with rPMs exposed to cART alone.


[image: Figure 3]
FIGURE 3. N-acetylcysteine (NAC) reverses combined antiretroviral therapy (cART)-mediated autophagy dysregulation in rat primary microglial cells (rPMs). (A,B) Representative Western blots showing treatment of NAC-reversed cART-mediated upregulation of autophagy markers microtubule-associated protein 1 light chain 3 beta (MAP1LC3B) (A) and sequestosome 1 (SQSTM1) (B). (C,D) rPMs were seeded into 12-well plates followed by transfection of cells with the tandem fluorescent-tagged MAP1LC3B plasmid. Cells were then exposed to various treatments for an additional 24 h and fluorescent intensity assessed by confocal microscopy (Scale bar: 5 μm). A minimum of 50 randomly chosen cells for each experimental group were analyzed. For all Western blots, ACTB served as a protein loading control. Data are from three independent experiments and are expressed as means ± SEM and were analyzed using a one-way analysis of variance followed by a Bonferroni (Dunn) comparison of groups. *P < 0.05 vs. control; #P < 0.05 vs. cART.




N-Acetylcysteine-Reversed Combined Antiretroviral Therapy-Mediated Activation of Rat Primary Microglial Cells

Our previous findings demonstrated that in rPMs, cART treatment resulted in increased expression of pro-inflammatory cytokine messenger RNAs (mRNAs) (Il1β, Il6, and Tnf at 6- and 12-h post-treatment (13). Next, we sought to examine the role of NAC in abrogating cART-mediated activation of microglia. To validate this, rPMs were treated with the cART cocktail (TDV, FTC, DTG, each at 5 μM) with or without NAC (5 mM) for 12 h, after which, the expression of pro-inflammatory cytokine mRNAs was assessed by real-time quantitative PCR. Treatment of rPMs with NAC significantly blocked the cART-mediated upregulation of pro-inflammatory cytokine (Il1β, Il6, and Tnf) mRNAs (Figure 4).
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FIGURE 4. N-acetylcysteine (NAC) reverses combined antiretroviral therapy (cART)-mediated activation of rat primary microglial cells (rPMs). rPMs were seeded into six-well plates and subject to various treatments for 12 h. (A–C) Representative bar graph demonstrating NAC-mediated abrogation of cART-induced messenger RNA expression of pro-inflammatory cytokines: interleukin 1 beta (Il1β), interleukin 6 (Il6), and tumor necrosis factor (Tnf). Data are from three independent experiments and are represented as means ± SEM and were analyzed using one-way ANOVA. *P < 0.05 vs. control; #P < 0.05 vs. cART.




N-Acetylcysteine-Reversed Combined Antiretroviral Therapy-Mediated Lysosome Impairment and Autophagy Dysregulation in vivo

Having demonstrated the protective effects of NAC on cART-mediated lysosomal damage and microglial activation in vitro, the next step was to explore in vivo the effects of cART on lysosomes and microglia. It must be noted that despite low viremia, viral proteins, such as transactivator of transcription (Tat) and the envelope gp120 do persist in the brains of cART-treated infected individuals (48). Therefore, to understand the efficacy of NAC in the context of cART, we resorted to using the well-established HIV Tg rat model. These rats express seven of nine HIV proteins with no active HIV replication in vivo, thereby best-mimicking a scenario of HIV-infected individuals on cART regimen, wherein the viral replication is often below the threshold of detection, although viral proteins continue to persist (49–52). Groups of HIV Tg rats were saline, cART, cART with NAC, and NAC-alone group, daily administration (intraperitoneal) for 3 weeks. Animals were then killed and brains removed for assessment of lysosomal markers and functioning and microglial status. Specifically, the prefrontal cortex region that is intricately linked with movement and cognitive decline in HAND patients was chosen for this study. Interestingly, similar to cell culture findings, HIV Tg rats exposed to cART also demonstrated the decreased expression of brain LAMP2, as well as mCTSD, and NAC treatment blocked these effects of cART (Figures 5A,B). The protective role of NAC against cART was also observed in lysosomal functioning, as evidenced by increased CTSD activity (Figure 5C) in the prefrontal cortex of NAC-treated rats compared with that in the cART-alone group.
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FIGURE 5. N-acetylcysteine (NAC) reverses combined antiretroviral therapy (cART)-mediated lysosome impairment and autophagy dysregulation in vivo. HIV Tg rats received cART injection with or without NAC (200 mg/kg) treatment (n = 3/group, intraperitoneal, 3 weeks). Saline-injected HIV Tg rats were used as controls. Protein homogenates of prefrontal cortices were prepared to detect the levels of indicated molecules. (A,B) Representative Western blots showing treatment of NAC-reversed cART-mediated downregulation of both LAMP2 (A) and mCTSD (B) in the prefrontal cortices. (C) Representative bar graph showing NAC-reversed cART-mediated downregulation of CTSD activity. (D–F) Representative Western blots showing treatment of NAC-reversed cART-mediated upregulation of beclin 1 (BECN1) (D), microtubule-associated protein 1 light chain 3 beta (MAP1LC3B) (E), and sequestosome 1 (SQSTM1) (F) in the prefrontal cortices of HIV Tg rats. For all Western blots, ACTB served as a protein loading control. Data are from three independent experiments and are represented as means ± SEM and were analyzed using one-way ANOVA. *P < 0.05 vs. control; #P < 0.05 vs. cART.


We next sought to explore the effects of NAC treatment on cART-mediated dysregulation of autophagy in HIV Tg rats. Autophagy is regulated by autophagy-specific proteins, such as BECN1, MAP1LC3B/LC3B, and SQSTM1/p62. BECN1 acts during the initiation stage of autophagy by forming the isolation membrane, a double-membrane structure that engulfs cytoplasmic material to form the autophagosome. MAP1LC3B/LC3B is an autophagosome formation marker, and SQSTM1/p62 is an autophagy degradation marker. Defective or impaired autophagy is associated with the accumulation of p62 (46, 47). As shown in Figures 5D–F, and as expected, cART treatment significantly increased the expression of BECN1 (Figure 5D), MAP1LC3B (Figure 5E), and SQSTM1 (Figure 5F) in the prefrontal cortices of HIV Tg rats compared with rats not exposed to cART. Interestingly, NAC treatment blocked cART-mediated dysregulation of autophagy in the prefrontal cortices of HIV Tg rats.



N-Acetylcysteine-Reversed Combined Antiretroviral Therapy-Mediated Microglial Activation in vivo

As shown in Figures 6A,B, cART administration resulted in significantly increased expression of microglial marker—ITGAM—in the prefrontal cortex, and these effects were abrogated in rats treated with NAC. To further validate lysosomal alterations in microglia in vivo, we next performed double immunostaining on sections of the prefrontal cortex from HIV Tg rats exposed to NAC/saline and cART. Exposure of cART to HIV Tg rats resulted in increased expression of microglial activation marker—AIF1 (Figure S5) with a concomitant decrease in the length of microglial processes (Figures 6C,D). HIV Tg rats exposed to cART also exhibited decreased LAMP2 expression and decreased colocalization of LAMP2 with AIF1 (Figures 6E,F) in the prefrontal cortices. As expected, NAC treatment abrogated cART-mediated impairment of lysosomes and microglial activation. The protective role of NAC was also observed in neuroinflammatory responses, as evidenced by decreased Il1β protein levels (Figure 6G) in the prefrontal cortices of HIV Tg rats treated with cART with NAC compared with the cART-alone group. Furthermore, we have checked the neuronal marker microtubule-associated protein 2 (MAP2) in the prefrontal cortex of HIV Tg rats treated with cART with or without NAC. Figure S4 shows decreased MAP2 staining in the prefrontal cortex of the HIV Tg rats treated with cART, which was reversed by NAC treatment. MAP2 stabilizes neuronal shape by promoting microtubule synthesis and cross-linking with other components of the cytoskeleton and regulating microtubule networks in the axons and dendrites of neurons (53). Studies have reported that prolonged LMP activates lysosomal-dependent cell death. To exclude cell death-induced activation of microglia, we have also examined the expression of the apoptotic marker, CASP3, in the brains of HIV Tg rats treated with cART. As shown in Figure S2, there was no significant change in cleaved CASP3 expression in HIV Tg rats in the presence or absence of cART.
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FIGURE 6. N-acetylcysteine (NAC) reverses combined antiretroviral therapy (cART)-mediated microglial activation in vivo. (A,B) Representative Western blot and bar graph showing treatment of NAC-reversed cART-mediated upregulation of integrin subunit alpha M (ITGAM) in the prefrontal cortices of HIV Tg rats. (C) Representative fluorescent-microscopic image showing the fluorescent intensity of allograft inflammatory factor 1 (AIF1) and lysosome-associated membrane protein 2 (LAMP2) in the prefrontal cortices of HIV Tg rats receiving various treatments (Scale bar: 20 μm). A minimum of 50 randomly chosen cells for each experimental group were analyzed. Red boxes in control, NAC + cART, and NAC-alone groups represent the microglial cells with ramified cellular processes with LAMP2 colocalization, which is absent in the cART group. (D) Representative bar graph showing treatment of NAC-reversed cART-mediated downregulation of microglial process length. (E,F) Representative bar graphs showing treatment of NAC-reversed cART-mediated downregulation of LAMP2 staining and decreases colocalization of LAMP2 and AIF1 in microglia in the prefrontal cortex region. (G) Representative bar graph showing treatment of NAC-reversed cART-mediated upregulation of Il1β protein levels in the prefrontal cortex. Data are from three independent experiments and are represented as means ± SEM and were analyzed using one-way ANOVA. *P < 0.05 vs. control; #P < 0.05 vs. cART.





DISCUSSION

Increased neuroinflammation and microglia activation are hallmark features of HIV-infected individuals on cART (2, 6, 7). Mechanism(s) underlying these processes, although extensively studied, remains less understood. It has been well-documented that despite the effectiveness of cART in suppressing viremia, the long-term use of cART could result in severe adverse effects, including oxidative stress, mitochondrial damage, disruption of phagocytosis, and amyloid-β production in various cells (54–59). Induction of oxidative stress has been widely reported in the setting of HIV-1 infection and antiretroviral therapy (20, 21, 35). An oxidative imbalance has been demonstrated in the serum of HIV-1-infected individuals receiving antiretroviral therapy (21). There are several combinations of antiretrovirals that are clinically used to treat HIV infection (60). In the present study, we demonstrated that exposure of microglia to the three commonly used antiretrovirals (TDF, FTC, and DTG) induced the generation of ROS, which, in turn, impaired lysosomal functioning and blocked autophagosome–lysosome fusion, ultimately resulting in microglial activation.

Lysosomes are specialized cellular organelles critical for the degradation of macromolecules/damaged organelles. Lysosomal dysfunction is shown to correlate with inflammation (14, 15). Various studies have demonstrated the role of HIV-1 Tat protein (61) as well as antiretrovirals (38) in mediating endolysosomal dysfunction. Findings from our earlier in vitro study demonstrated that cART-mediated activation of microglia involved impaired lysosomal functioning and dysregulated autophagy (13). Herein, we sought to determine the involvement of oxidative stress as an upstream event of cART-mediated lysosomal dysfunction, leading to microglial activation. We also examined the role of NAC in mitigating cART-mediated defects in microglia. Furthermore, our in vitro findings were also corroborated by in vivo studies, wherein we examined the protective effects of NAC against cART-mediated microglial activation in HIV Tg rats.

In the present study, we demonstrated that exposure of rPMs to cART resulted in the induction of ROS and that the ROS scavenger, NAC, significantly abrogated cART-mediated induction of ROS. NAC not only scavenges ROS but also increases the concentration of intracellular GSH to reduce oxidative stress (40). Studies have shown GSH deficiency in HIV-infected individuals, which was replenished by NAC treatment (41). Another study showed oxidative stress-mediated blood–brain barrier damage in mice exposed to HIV proteins (gp120 and Tat) and methamphetamine, which was protected by N-acetylcysteine amide, a modified form of NAC (62). NAC is an inexpensive generic supplemental drug and one of the 40 essential medicines in the list laid out by the World Health Organization (40). NAC is used as an adjunctive therapeutics for several neurological and neuropsychiatric disorders (63, 64).

Our previously published report has demonstrated cART-mediated lysosomal dysfunction in rPMs (13). Herein, we sought to examine the protective effects of NAC treatment on cART-mediated lysosomal dysfunction. Our findings demonstrated that exposure of rPMs to cART resulted in impaired lysosomes, as shown by downregulated expression of LAMP2 and mCTSD, and this effect was abrogated by treatment of cells with NAC. Next, we also sought to determine the effects of NAC treatment on cART-mediated defects in lysosomal functions. For this, we examined LMP, CTSD activity, and lysosomal pH. Treatment of NAC protected rPMs against cART-mediated increased LMP and decreased CTSD activity. NAC also maintained lysosomal pH in rPMs exposed to cART. LMP is the major cause of proton leakage through a destabilized membrane, resulting in loss of the pH gradient (65, 66). Changes in LMP were further confirmed by assessing the GAL3 translocation into the damaged lysosomes. Normally, GAL3 is uniformly distributed in the cells. Upon insult and after LMP, GAL3 translocates into the leaky lysosomes, resulting in the formation of puncta (45). In keeping with this, our studies demonstrated significant colocalization of LAGLS3 with the lysosomal LAMP2 in cART-exposed microglial cells. Intriguingly, NAC treatment abrogated translocation of GAL3 into the damaged lysosomes. These data further confirmed NAC-mediated protection of lysosomes in cART-exposed rPMs.

Lysosomes are critical for the maturation of autophagy, as the fusion of autophagosomes and lysosomes form the autolysosome, which is necessary for protein degradation (67, 68). The autophagy–lysosome pathway has been implicated in many disease conditions (69–72). Dysregulated autophagy is a hallmark feature of many types of cancers (67, 73) and multiple neurodegenerative diseases, including Parkinson's (74, 75), Alzheimer's diseases (76, 77), and HIV neuropathogenesis (78, 79).

Our findings also suggested cART-mediated dysregulation of autophagy as assessed by increased expression of autophagy mediators MAP1LC3B and SQSTM1 in rPMS exposed to cART. cART-mediated blockage of autophagy was assessed using tandem fluorescent-tagged MAP1LC3B plasmid in vitro. Intriguingly, ROS scavenger and lysosome protecting agent NAC ameliorated cART-mediated dysregulation of autophagy in microglia. Autophagy dysregulation and neuroinflammation are closely linked in the development of neurodegeneration (80). CNS Inflammation is a common feature in HIV-infected patients on cART (81). Our findings demonstrated cART-mediated upregulation of pro-inflammatory mediators, such as Il6, Il1β, and Tnf. Furthermore, the treatment of NAC inhibited cART-mediated upregulation of pro-inflammatory mediators in rPMs. Intriguingly, NAC ameliorated cART-mediated lysosomal dysfunction, autophagy dysregulation, and microglial activation, implying thereby that cART-mediated induction of ROS is upstream of lysosomal damage, dysregulated autophagy, and microglial activation. These results thus underscore the fact that strategies aimed at curbing ROS and protecting lysosomes could dampen cART-mediated neuroinflammation in treated HIV-infected individuals. NAC can thus be envisioned as an ideal candidate for scavenging cellular ROS and protecting the lysosomal membrane (66, 82). Although various studies have underscored the role of NAC as an adjunctive treatment in diseases involving ROS, the failure in clinical trials to prove the beneficial effects of antioxidant therapies remains a great disappointment in the field. For example, clinical trials with high doses of NAC did not improve respiratory health in patients with COPD and chronic bronchitis (83). Furthermore, in a large randomized trial, NAC did not reduce the risk of acute kidney injury or other clinically relevant outcomes in patients undergoing coronary and peripheral vascular angiography (84, 85). However, the major reason for the clinical trial failure was premature suspension or termination of the studies (40). Moreover, adjunctive therapy using antioxidants is one of the best approaches to harness their beneficial effects as well as to diminish the likelihood of disease exacerbation. Unraveling the mechanisms of action, optimization of concentration, and delivery at appropriate physiological sites could aid in improving the treatment efficacy of antioxidants, thus making them as efficacious and successful therapeutic options. More clinical trials are underway that could underpin the role of NAC as an antioxidant (40, 86).

Current studies were done in isolated rat primary microglia, and we do acknowledge that data from in vitro microglial experiments should be interpreted with utmost care while extrapolating data in the context of the whole brain. Microglia activation status is continually affected by external cues. In cell culture, microglia are devoid of any inhibitory signals owing to lack of cell–cell interactions between microglia and other CNS cells, which are essential for maintaining microglia in quiescence (87). Furthermore, in vitro microglia are cultured in serum-containing medium, which is not the case under in vivo conditions. Serum is a poorly defined cell culture component with batch-to-batch variability that can contribute negatively to rigor and reproducibility (88, 89). Another challenge of working with microglial cultures is their species variability. Differential responses have been exhibited by rat and mouse microglial cells to the external stimuli (90). It has also been reported that human and mouse microglia age differently (91). Overall, it is a major challenge to work with dissociated microglia with the optimal mix of environmental cues that they receive in vivo. In the absence of other types of CNS cells, the phenotype of microglia in cultures begins to significantly diverge from that of microglia in vivo, leading, in turn, to a major limitation in their predictive ability for in vivo biology (92).

In the present study, we resorted to validating our cell culture findings in a rodent model that recapitulates some aspects of HAND—the HIV Tg rats. HIV Tg rat mimics many of the metabolic disturbances seen in HIV-1-infected humans and is a useful tool to study the relationship between the accumulation of HIV-1 protein in the brain and the manifested clinical neurological processes (49–52). Our findings demonstrated that similar to cell culture findings, exposure of HIV Tg rats to cART also resulted in increased activation of microglia, as evidenced by increased AIF1 density and decreased length of the microglial processes in the prefrontal cortices. Our findings also demonstrated lysosomal dysfunction and autophagy dysregulation in the prefrontal cortices of HIV Tg rats exposed to cART. Some reports show dysregulated autophagy in the prefrontal cortex of post-mortem brains of persons with HIV-1-associated encephalitis (93). There is also a report that products of SIV-infected microglia inhibit neuronal autophagy (94). Based on the premise that dysregulated autophagy and inflammation are implicated as the driving force underlying pathogenesis of HAND, our results underscore the role of cART as a contributor to the progression of HAND.

In summary, our findings demonstrate that ROS-mediated autophagy–lysosomal dysfunction is central in cART-mediated microglial activation and that the potent ROS scavenger—NAC—reverses cART-mediated effects both in vitro and in vivo (Figure 7). Antioxidant-mediated mitigation of oxidative stress could be considered as an adjunctive therapeutic strategy for ameliorating/dampening some of the neurological complications of HAND.


[image: Figure 7]
FIGURE 7. Schematic depicting the involvement of reactive oxygen species (ROS) in combined antiretroviral therapy (cART)-mediated autophagy–lysosomal dysfunction in microglia. Exposure of microglia to cART increases ROS generation, leading, in turn, lysosomal dysfunction and autophagy dysregulation, which ultimately led to microglial activation and increased expression of pro-inflammatory cytokines. ROS scavenger N-acetylcysteine (NAC) reversed these deleterious effects of cART.
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Methamphetamine (METH) use, referred to as methamphetamine use disorder (MUD), results in neurocognitive decline, a characteristic shared with HIV-associated neurocognitive disorders (HAND). MUD exacerbates HAND partly through glutamate dysregulation. Astrocyte excitatory amino acid transporter (EAAT)-2 is responsible for >90% of glutamate uptake from the synaptic environment and is significantly decreased with METH and HIV-1. Our previous work demonstrated astrocyte trace amine associated receptor (TAAR) 1 to be involved in EAAT-2 regulation. Astrocyte EAAT-2 is regulated at the transcriptional level by cAMP responsive element binding (CREB) protein and NF-κB, transcription factors activated by cAMP, calcium and IL-1β. Second messengers, cAMP and calcium, are triggered by TAAR1 activation, which is upregulated by IL-1β METH-mediated increases in these second messengers and signal transduction pathways have not been shown to directly decrease astrocyte EAAT-2. We propose CREB activation serves as a master regulator of EAAT-2 transcription, downstream of METH-induced TAAR1 activation. To investigate the temporal order of events culminating in CREB activation, genetically encoded calcium indicators, GCaMP6s, were used to visualize METH-induced calcium signaling in primary human astrocytes. RNA interference and pharmacological inhibitors targeting or blocking cAMP-dependent protein kinase A and calcium/calmodulin kinase II confirmed METH-induced regulation of EAAT-2 and resultant glutamate clearance. Furthermore, we investigated METH-mediated CREB phosphorylation at both serine 133 and 142, the co-activator and co-repressor forms, respectively. Overall, this work revealed METH-induced differential CREB phosphorylation is a critical regulator for EAAT-2 function and may thus serve as a mechanistic target for the attenuation of METH-induced excitotoxicity in the context of HAND.
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INTRODUCTION

Methamphetamine use disorder (MUD) is correlated to heightened transmission of human immunodeficiency virus (HIV) (1–3) and increases the severity and onset of HIV-associated neurocognitive disorders (HAND) (4, 5). Cognitive decline observed in the HIV+, methamphetamine (METH) using population is partly attributed to glutamate dysregulation (2, 6, 7). As a major excitatory neurotransmitter in the CNS, optimal glutamate concentrations are vital for learning, memory, problem solving and comprehension. Glutamate imbalances are linked to mental disorders including autism, schizophrenia and depression (8, 9). Glutamate homeostasis and uptake from the synaptic cleft is primarily mediated via excitatory amino acid transporters (EAATs) [as reviewed in (10, 11)]. Of the five human glutamate transporters, EAAT-2 is predominantly expressed by astrocytes and is responsible for >90% of total glutamate uptake in the brain (10, 12, 13). In vitro, HIV-1 results in EAAT-2 downregulation and reduced glutamate uptake in astrocytes (14–16). Glutamate, partially mediates the toxic outcomes of METH, inducing excitotoxicity (17–19). However, direct mechanisms of METH-induced EAAT-2 downregulation in astrocytes remain unclear. We previously demonstrated decreased astrocyte EAAT-2 and impaired glutamate uptake following METH and HIV-1 exposure (7). Furthermore, we identified astrocyte trace amine associated receptor (TAAR) 1 is activated by METH, leading to increased intracellular cAMP and regulation of astrocyte EAAT-2 (7). Here, we investigate signal transduction cascades, downstream of TAAR1 regulation and activation, to elucidate the mechanisms of astrocyte EAAT-2 downregulation.

We have previously shown METH-induced EAAT-2 downregulation may be partially due to the activation of astrocyte TAAR1 (7). Of the six functional human TAAR genes, TAAR1 is reported in multiple organs and within several CNS regions, including the prefrontal cortex (20). TAAR1 functions in the neuromodulation of biogenic amines and regulates subcortical monoaminergic transmission and NMDA receptor-mediated glutamate transmission. Thus, TAAR1 plays a critical role in cognitive processing (21–23). TAAR1 activation leads to increased secondary messenger, cAMP, and activation of protein kinase A and C (PKA/C) (24–26). Although the direct mechanism of PKC activation remains vague, PKC becomes activated by increased levels of intracellular calcium [(Ca+2)i], which is documented to occur following METH exposure (27, 28).

Analysis of the EAAT-2 promoter revealed a cAMP responsive element binding protein (CREB) at −310 and nuclear factor kappa light chain enhancer of activated B cells (NF-κB) elements at −583, −334, −272, and −251 (29, 30), elements associated with immune activation. Dibutyryl cAMP significantly increases EAAT-2 transcription (12), presumably via CREB. For instance, cAMP is well-established to activate transcription of genes containing conserved cAMP responsive elements (CRE)s through the ability to phosphorylate CREB at serine 133 (pCREBSer133). CREB phosphorylation at serine 133 increases dimerization affinity of the CREB binding protein (CBP) and induces transcription. METH increases intracellular cAMP via TAAR1 activation in astrocytes (7). NF-κB promoter elements traditionally control transcription of genes involved in the regulation of host immune responses, synaptic plasticity, and memory (31, 32). Previous studies reveal that HIV-1 proteins, including negative regulatory factor (Nef), transactivator of transcription (tat), and glycoprotein 120 (gp120), activate NF-κB signaling pathways in astrocytes (33, 34). Despite METH-induced cAMP increases and HIV-1-mediated NF-κB activation, EAAT-2 expression is reduced by both METH and HIV-1, alone and in combined conditions. While EAAT-2 can be positively or negatively regulated by NF-κB and YY1 (14, 35), the mechanisms dictating CREB-mediated EAAT-2 regulation remains to be investigated. Interestingly, CREB phosphorylation at serine 142, downstream of increased intracellular calcium and calcium/calmodulin kinase (CaMK)II activation, overrides pCREBSer133 transcriptional activation (36, 37).

Glutamate dysregulation is a significant contributing factor to the neurotoxicity associated with METH abuse and HAND. Our previous data demonstrating METH increases intracellular cAMP via TAAR1 activation in astrocytes and subsequently regulates EAAT-2 and glutamate clearance levels, sets a strong basis for further investigations of METH-induced TAAR1 signaling in the transcriptional regulation of astrocyte EAAT-2. Therefore, in this study, we investigated the dichotomous outcomes of TAAR1-mediated activation of cAMP/PKA/pCREBSer133 and [Ca+2]i/CaMKII/pCREBSer142. Our data revealed that differential CREB phosphorylation results in EAAT-2 regulation, indicating that tipping the balance of METH-induced signaling to favor cAMP/PKA/pCREBSer133 serves as a promising countermeasure in reversing METH-induced EAAT-2 downregulation.



EXPERIMENTAL PROCEDURES


Isolation, Cultivation, and Activation of Primary Human Astrocytes

Human astrocytes were isolated from first and early second trimester electively aborted specimens as previously described (38, 39). Tissues were procured in full compliance with the ethical guidelines of the National Institutes of Health, Universities of Washington and North Texas Health Science Center. Cell suspensions were centrifuged, washed, suspended in media, and plated at a density of 20 × 106 cells/150 cm2. Adherent astrocytes were treated with trypsin and cultured to enhance the purity of replicating astroglial cells. These astrocyte preparations were >99% pure as measured by immunocytochemistry staining for GFAP. Astrocytes were treated with METH [100 or 500 μM, National Institute on Drug abuse (NIDA) Drug Supply Program, Research Resources Identifiers (RRID):SCR_013300], HIV-1JRFL (p24, 10 ng/mL), IL-1β (20 ng/mL, R&D Systems, Minneapolis, MN), N-(3-Ethoxy-phenyl)-4-pyrrolidin-1-yl-23-trifluoromethyl-benzamide (EPPTB, 20 μM, Cat# 4518 Tocris-BioTechne, Minneapolis, MN) (40–43), a cell permeable inhibitor for TAAR1, cAMP-dependent PKA inhibitor, PKI (20 μM, Cat# 476485 Sigma-Aldrich, St. Louis, MO, and Cat# V5681, Promega, Madison, WI) (44–46) and/or CaMKII inhibitor, KN62 (20 μM, Cat# 422706 and I2142, Sigma-Aldrich) (47, 48) at 37°C and 5% CO2. HIV-1JRFL was obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: HIV-1 JR-FL Virus from Dr. Irvin Chen (49–51). Normal peripheral blood mononuclear cells (Nebraska Medicine, Apheresis Center, Omaha NE) were isolated and infected with HIV-1JRFL as previously described (52). Culture supernatants were clarified by centrifugation at 10,000 g for 20 min and stored at −80°C. The concentration of HIV-1 JRFL was determined by HIV-1 p24 ELISA (Cat#: XB-1000, Xpress Bio International). Viral stocks were diluted in ASM prior to primary human astrocytes treatment. Astrocytes are not actively infected with HIV-1. Untreated astrocytes were maintained in parallel as control.



RNA Extraction and Gene Expression Analyses

Astrocyte RNA was isolated 8 h post-treatment, as previously described (53), and mRNA levels were assayed by real-time polymerase chain reaction (PCR). TaqMan 5′ nuclease real-time PCR was performed using StepOnePlus detection system (Thermo Fisher Scientific, Carlsbad, CA). Commercially available TaqMan® Gene Expression Assays were used to measure EAAT-2 (Cat# Hs00188189_m1), TAAR1 (Cat# Hs00373229_s1), PKA (Cat# Hs00427274_m1), CaMKII (Cat# Hs00947041_m1), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Thermo Fisher Scientific; Cat# 4310884E) mRNA levels. GAPDH, a ubiquitously expressed housekeeping gene, was used as an internal normalizing control. The 25 μl reactions were carried out at 48°C for 30 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min in 96-well-optical, real-time PCR plates. Transcripts were quantified by the comparative ΔΔCT method and represented as fold-changes to respective controls.



Glutamate Clearance Assay

Primary human astrocytes were plated in 48-well-tissue culture plates at a density of 0.15 × 106 cells/well and allowed to recover for 24 h prior to treatment. Following 24 h of treatment, glutamate (400 μM), dissolved in phenol-free astrocyte medium was added into each well, and glutamate clearance was assayed at 10 h post-glutamate addition. The assay was performed and analyzed according to manufacturer's guidelines (Amplex Red Glutamic Acid/Glutamate Oxidase Assay Kit, Cat# A12221, Thermo Fisher Scientific, Carlsbad, CA). Following collection of glutamate supernatants, a colorimetric assay for measurement of metabolic activity was performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Cat# M2128, Sigma-Aldrich) (54). Briefly, five percent MTT reagent was added to astrocytes and incubated for 20–45 min at 37°C. The MTT solution was removed, and crystals were dissolved in DMSO for 15 min with gentle agitation. Absorbance was assayed at 490 nm in a Spectromax M5 microplate reader (Molecular Devices, Sunnyvale, CA).



cAMP Assay

Intracellular cAMP levels in astrocytes were measured using a commercially available homogenous, bioluminescence cAMP-Glo™ Assay (Cat# V1502, Promega). Adherent monolayers of astrocytes cultured in 96-well-plates (50,000 cells/well) were stimulated with forskolin (Cat# F686, Sigma-Aldrich) and METH (NIDA Drug Supply Program, RRID:SCR_013300). Cells were activated and lysed in the tissue culture plate. Lysates were diluted to a final cell concentration of ~1,000 cells/μL in lysis buffer supplemented with cAMP specific phosphodiesterase inhibitors [500 μM 3-isobutyl-1-methylxanthine (IBMX, Cat# I7018, Sigma-Aldrich) and 100 μM Ro 20-1724 (Cat# B8279, Sigma-Aldrich)] and transferred to white opaque flat bottom 96-well-assay plates at approximately 5,000 cells/reaction. Intracellular cAMP levels were assayed using GloMax 96 Microplate Luminometer with dual injectors (Promega).



Kinase Assays

Intracellular PKA and CaMKII levels in astrocytes were measured using a commercially available homogenous, high-throughput screening method for measuring kinase activity, Kinase-Glo® Max Luminescent Assay, (Cat# V6073, Promega) and commercially available PKA Kinase Enzyme System (Cat# V4246, Promega) and CaMKIIα Kinase Enzyme System (Cat# V4018, Promega). cAMP-dependent PKA catalytic subunit α is a 40 kDa bovine recombinant enzyme expressed and purified from E. coli (Accession number NM_174584.2). PKA purity was 90% as defined from Promega quality control assays. Human recombinant CaMKIIα was expressed by baculovirus in sf9 insect cells using N-terminal GST tag (Accession number NM_171825, a Ser/Thr protein kinase and a member of the Ca+2/calmodulin dependent protein kinase family). The specific activity of CaMKIIα was determined to be 960 nmol/min/mg as per assay protocol. Briefly, adherent monolayers of astrocytes cultured in 96-well-plates (50,000 cells/well) were treated (+/– METH, 500 μM) in PKA or CaMKIIα reaction buffer for 5, 15, or 30 min. Cells were directly activated in the tissue culture plate. Lysates were diluted to a final cell concentration of approximately 1,000 cells/μL in lysis buffer and transferred to a white opaque flat bottom 384-well-assay plate at approximately 3,000 cells/reaction. Intracellular PKA and CaMKIIα levels were assayed using GloMax 384 Microplate Luminometer with dual injectors (Promega).



Immunofluorescent Cytochemical Analyses

Cultured human astrocytes were fixed with 1:1 acetone: methanol (V/V) solution following 24 h of treatment with METH, IL-1β or HIV-1. Astrocytes were fixed for 20 min at −20°C and blocked with blocking buffer (2% BSA in 1X PBS containing 0.1% Triton X-100) for 1 h. Cells were then incubated with primary antibodies specific to TAAR1 (1:700, rabbit pAb, Abcam, Cambridge, MA, Cat# ab65633, RRID:AB_1143252, lot GR30601-3), CREB (1:500, rabbit mAb, Cell Signaling Technology Cat# 9197, RRID:AB_331277, lot #16), pCREBSer133 (1:500, rabbit mAb, Cell Signaling Technology Cat# 9198, RRID:AB_2561044, lot #10), pCREBSer142 (1:200, rabbit pAb, Signalway Antibody, College Park, MD, Cat# 11300-2, RRID:AB_1263514, lot #3520) and GFAP (1:400 chicken pAb, Covance, Princeton, NJ, Cat# PCK-591P-100, RRID:AB_291542, lot # D15KF02159) in blocking buffer overnight at 4°C, washed and incubated with Alexa Fluor® secondary antibodies (1:100), anti-rabbit (488 nm, green, Thermo Fisher Scientific Cat# A-11034, RRID:AB_2576217) and anti-chicken (594 nm, red, Thermo Fisher Scientific Cat# A-11042, RRID:AB_2534099). Nuclei were visualized with DAPI (1:800, Cat# D3571, Thermo Fisher Scientific). Micrographs were obtained on an ECLIPSE Ti-4 using the NLS-Elements BR. 3.0 software at room temperature.



Western Blot Analyses

Non-transfected or transfected astrocytes were cultured as adherent monolayers in 75 cm2 flasks at a density of 8 × 106 cells/flask and allowed to recover for 24 or 48 h. Following recovery, cells were treated for 24 h with varying stimuli, and whole cell extracts were isolated using mammalian protein extraction reagent (Cat# 78501, Thermo Fisher Scientific). Cells were collected by scraping in sterile ice-cold PBS to avoid alteration of protein expression on surface of cell membranes. Protein extracts (40 μg) were boiled with 4X NuPAGE lithium dodecyl sulfate loading sample buffer (Cat# NP0007, Thermo Fisher Scientific) at 100°C for 5–10 min, resolved by Bolt 4–12% Bis-Tris gel and subsequently transferred to nitrocellulose membranes using iBlot (Thermo Fisher Scientific). The membranes were incubated with antibodies against PKA [1:700, rabbit pAb, (Cell Signaling Technology Cat# 4782, RRID:AB_2170170, lot #3], pPKA (1:700, rabbit mAb, Cell Signaling Technology Cat# 5661, RRID:AB_10707163, lot # 3), CREB (1:700, rabbit mAb, Cell Signaling Technology Cat# 9197, RRID:AB_331277, lot #16), pCREBSer133 (1:700, rabbit mAb, Cell Signaling Technology Cat# 9198, RRID:AB_2561044, lot #10), CaMKII (1:500, rabbit pAb, Santa Cruz Biotechnology Cat# sc-9035, RRID:AB_634551, lot #E1313), pCaMKII (1:500, mouse mAb, Santa Cruz Biotechnology Cat# sc-32289, RRID:AB_626786, lot #J2913), or pCREBSer142 (1:200, rabbit, Signalway Cat# 11300-2, RRID:AB_1263514, lot #3520) overnight at 4°C, washed and then incubated with anti-rabbit goat antibody IgG conjugated to horseradish peroxidase (1:10,000, Bio-Rad, Hercules, CA, Cat# 170-5046, RRID:AB_11125757) or anti-mouse goat antibody IgG conjugated to horseradish peroxidase (1:10,000, Bio-Rad Cat# 170-5047, RRID:AB_11125753) for 2 h at room temperature. The membranes were then developed with SuperSignal West Femto substrate (Cat# 34095, Thermo Fisher Scientific) and imaged in a Fluorochem HD2 Imager (Protein Simple, Santa Clara, CA). GAPDH (mouse, 1:1000, Santa Cruz Biotechnology Cat# sc-32233, RRID:AB_627679) was used as a loading control.



Transfection of Astrocytes

Cultured human astrocytes were transfected with On-Target plus® small interfering RNA (siRNA, Dharmacon, Lafayette, CO) pools specific to PKAαβ (siPKAα Cat# L-004649 & siPKAβ, Cat# L−004650), CaMKII (siCaMKII, Cat# L-004942), non-targeting control siRNA pools (siCON, Cat# D-001810), and without siRNA (MOCK) or with pGP-CMV-GCaMP6s, deposited by Douglas Kim (RRID:Addgene_40753) using the Amaxa™ P3 primary cell 96-well-Nucleofector kit and shuttle attachment (Lonza, Walkersville, MD) according to the manufacturer's instructions. Briefly, 1.6 × 106 astrocytes were suspended in 20 μl nucleofector solution containing siCON, siPKAαβ, siCaMKII, (100 nM) or GCaMP6s (0.5 μg/1.6 × 106 cells) and transfected using shuttle protocol CL133. GCaMP6s transfection efficiency averaged approximately 80%. Multiple chambers from the same biological donors were assayed in a minimum of triplicate determinations. Areas were randomly chosen for confocal imaging from each chamber. Baseline green fluorescence suggested successful transfection. Background fluorescence was subtracted from the standardization well for each individual biological donor, to prevent saturation of fluorescence. Transfected cells were supplemented with astrocyte media and incubated for 30 min at 37°C prior to plating. Cells were allowed to recover for 48 h prior to experimental use.



Confocal Analysis

MOCK- and GCaMP6s-transfected astrocytes were cultured on tissue culture treated μ-slides with a channel height of 0.4 mm (Cat# 86060, Ibidi, Madison, WI) at a density of 1 × 105 cells/chamber in astrocyte media. Prior to live cell imaging, astrocytes were briefly washed with PBS and supplemented with HBSS at 37°C. Time lapse images were obtained every 500 ms, from astrocytes treated with METH (500 μM) or ionomycin (10 μM). Micrographs were obtained on a Carl Zeiss LSM (Jena, Germany). Objective used was 20× Plan-Apochromat, 0.8NA, 0.55 mmWD. PMT photo detection was used with an excitation of 450–490 nm and emission of 593–668 nm. Histogram analysis were performed using ImageJ software; Version: 2.0.0-rc-41/1.5d (Fiji ImageJ Software, the National Institutes of Health, Bethesda, MD) (55). Histogram was generated from fluorescence units obtained at selected time points.



Ratiometric Calcium Imaging

Primary human astrocytes were seeded at approximately 0.1 × 106 cells on poly-D-lysine coated 22 × 22 × 1 mm coverslips, placed in 6 well-tissue culture dishes and allowed to reach confluency for 24 h. Protocol was modified as previously described (56, 57). Astrocytes were preincubated for 1 h in Krebs–Ringer buffer solution (155 mM NaCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 24 mM NaHCO3, 5 mM KCl, 25 mM HEPES and 5 mM glucose, pH 7.4) containing 3 mM Fura-2-AM (Prokine, Cat# PK-CA707-50033, Heidelberg, Germany) at 37°C prior to METH treatment (500 μM). Coverslips were mounted on laminar-flow perfusion chambers (Warner Instrument, Hamden, CT) mounted on an inverted microscope (Olympus IX81, Olympus, Melville, NY) and attached to a gravity-driven flow-controlled perfusion system (Warner Instrument). Cells were perfused continuously with Krebs-Ringer buffer +/– METH. [Ca+2]i was calculated using a Fura-2 calcium calibration standard curve (Thermo Fisher Scientific, Cat# F6774). Basal [Ca+2]i measurements were taken following stabilization period of 5 min prior to METH administration, and peak [Ca+2]i were measured following METH treatment. Ratiometric data were collected from cells that were alternately illuminated with 340- and 380-nm wavelengths using xenon light source (Lumen200PRO, Prior Scientific, Rockland, MD). The emitted light was captured at 520 nm wavelength using a CCD camera (Hamamatsu camera controller C10600, Hamamatsu Photonics KK, Hamamatsu, Japan). Pixel data were binned (2x2), and images were captured every 3 s. Data were collected and analyzed using commercially available software (Slidebook 5.0, Intelligent Imaging Innovations, Denver, CO).



Statistical Analyses

Statistical analyses were performed using GraphPad Prism (Version 8.4.0, RRID:SCR_002798) with one-way analysis of variance (ANOVA) and Tukey's post-test for multiple comparisons. Linear regression and correlation analysis were performed using Prism with a two-tailed, Pearson correlation coefficient set at 95% confidence interval. P ≤ 0.05 were considered statistically significant, and data represent means ± standard error of the mean (SEM).




RESULTS


HIV-1 and IL-1β Differentially Regulate Astrocyte TAAR1 and EAAT-2 Levels and Activity

We have previously demonstrated astrocyte TAAR1 overexpression resulted in a significant decrease in astrocyte EAAT-2 and glutamate clearance (7). Astrocyte TAAR1 knockdown prevented METH-induced EAAT-2 downregulation and increased glutamate clearance (7). Since METH abuse during CNS inflammation and HIV-1 poses greater threat due to their potential to increase TAAR1 levels/activity and crosstalk, we investigated whether IL-1β and HIV-1 downregulated EAAT-2 and affected TAAR1 levels and function (Figure 1). TAAR1 mRNA levels increased significantly with IL-1β (15-fold, ***p < 0.001) and HIV-1 (2.5-fold, **p < 0.01) alone or in combined treatments (7.5-fold ***p < 0.001; Figure 1A). TAAR1 levels were significantly lower in combined treatments compared to IL-1β but significantly higher compared to HIV-1 (Figure 1A, ***p < 0.001). After IL-1β +/– HIV-1 pretreatment, baseline cAMP levels were unchanged (Figure 1B). Forskolin, a commonly used tool to increase intracellular cAMP levels, significantly increased astrocyte cAMP by ~35-fold, regardless of pretreatments with IL-1β +/– HIV-1 (Figure 1B, ***p < 0.001). METH significantly increased intracellular cAMP in all IL-1β, HIV-1, and IL-1β + HIV-1 pretreated astrocytes (Figure 1B, ***p < 0.001, **p < 0.01, ***p < 0.001, respectively). However, only IL-1β pretreatment resulted in a significantly increased cAMP response to METH, compared to METH-mediated increases in astrocytes without pretreatment (Figure 1B, **p < 0.01). As IL-1β and/or HIV-1 increased TAAR1 levels, they also significantly decreased astrocyte EAAT-2 levels in parallel (Figure 1C). IL-1β and HIV-1, alone or in combination, significantly decreased EAAT-2 mRNA levels by 50% (***p < 0.001), 25% (**p < 0.01), and 55% (***p < 0.001), respectively (Figure 1C). Comparisons between treatments showed that IL-1β + HIV-1 was significantly lower compared to HIV-1 alone (Figure 1C, ***p < 0.001). Glutamate clearance, taken as a ratio to MTT activity and converted to a fold change from control, mirrored EAAT-2 mRNA levels (Figure 1D). TAAR1 protein levels increased with IL-1β pre-treatment in astrocytes fixed and immunostained for TAAR1 (green), GFAP (red) and DAPI (blue) (Figures 1E–H). IL-1β mediated a reactive phenotype and increased TAAR1 levels when compared to control astrocytes (Figures 1F,H). Merged images represent TAAR1, GFAP and DAPI overlay (Figures 1G,H). Thus, these data demonstrated that astrocyte TAAR1 expression and intracellular cAMP are elevated in the presence of proinflammatory cytokine, IL-1β, and negatively correlated to astrocyte EAAT-2 (***p < 0.001, R2 = 0.92, data not shown).
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FIGURE 1. HIV-1 and IL-1β regulate astrocyte TAAR1 & EAAT-2 mRNA levels and function. Primary human astrocytes were treated with HIV-1 (p24 10 ng/mL, gray bars) and IL-1β (20 ng/mL, hatched bars) alone or in combination, and untreated astrocytes were maintained in parallel. TAAR1 mRNA levels were analyzed following treatment with IL-1β ± HIV-1 (A). Intracellular cAMP was quantified to evaluate TAAR1 signaling subsequent to IL-1β ± HIV-1 pretreatment and following 15 min of forskolin or METH stimulation and represented as fold change to control (B). EAAT-2 mRNA levels were evaluated following IL-1β ± HIV-1 treatment (C). Glutamate clearance was measured at 10 h post-glutamate addition (D). Control and IL-1β pretreated cells were fixed and immunostained for glial fibrillary acidic protein (GFAP, red), TAAR1 (green) and DAPI (blue) (E–H). Statistical analyses were performed using GraphPad Prism V6.0 with One-way ANOVA and Tukey's post-test for multiple comparisons. P ≤ 0.05 were considered statistically significant and data represent means ± SEM. Representative donors were chosen from a minimum of three astrocyte donors each tested and analyzed in a minimum of triplicate determinations (*p < 0.05, **p < 0.01, ***p < 0.001).




METH Activates PKA, Phosphorylating CREB at Serine 133

METH increases intracellular cAMP in primary human astrocytes (7). cAMP, as a secondary messenger, mediates canonical signal transduction pathways that activate PKA and lead to downstream phosphorylation of substrates, including CREB, at serine 133 (58). Therefore, we next investigated PKA activity in primary human astrocytes following METH treatment, represented as fold changes +/– SEM (Figure 2A). PKA activity did not change in control astrocytes over time; however, METH significantly increased PKA activity at 15 min that continued to significantly increase at 30 min (Figure 2A, ***p < 0.001). PKA mRNA levels significantly decreased in astrocytes transfected with siPKA compared to siCON-transfected astrocytes, with/out METH treatment (Figure 2B, ***p < 0.001). In parallel, total PKA levels decreased 50% in siPKA-transfected astrocytes compared to siCON-transfected astrocytes (Figure 2C). METH induced a significant increase in PKA activity in siCON-transfected astrocytes (**p < 0.01) that was significantly reduced with PKA RNAi (Figure 2D, ***p < 0.001). Furthermore, baseline PKA activity was lower in siPKA-transfected astrocytes reflecting decreases in baseline PKA (Figure 2D, *p < 0.05). Western blots confirmed METH-induced phosphorylation of CREB at serine 133 (pCREBSer133) (Figure 2E). Densitometry analyses, from four independent biological donors, showed METH to significantly induce pCREBSer133 in 15 min (Figure 2E, *p < 0.05) that remained elevated at 30 min (Figure 2E, **p < 0.01). METH-mediated phosphorylation of CREB at serine 133 increased in siCON-transfected astrocytes at 30 min (Figure 2F, *p < 0.05) that was significantly lower in siPKA-transfected astrocytes (Figure 2F, *p < 0.05). Constitutively phosphorylated CREB at serine 133 is localized in the nucleus, and nuclear pCREBSer133 is significantly increased following METH treatment at 30 min (Figure 2G, ***p < 0.001). METH- mediated pCREBSer133 was prevented by cAMP-dependent PKA inhibitor, PKI, by ~60% (Figure 2G, ***p < 0.001) implying pCREBSer133 is via METH-induced PKA activation.
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FIGURE 2. METH activates PKA and phosphorylates CREB at serine 133 (pCREBSer133). PKA enzyme activity in equivalent total cell lysates was quantified at select times post-METH treatment (500 μM, square and hatched lines) and represented as fold changes of PKA mUnits/mg total protein (A). PKA levels and activity were quantified in siCON- and siPKA-transfected astrocytes (clear and gray bars, respectively, as shown by fold changes in PKA/GAPDH mRNA (B), protein (C) and PKA activity (mUnits/mg total protein) (D). Immunoblotting for METH induction of pCREBSer133 to total CREB over time was assayed by western blot with detected bands at 43 kDa (E). To determine METH-induced pCREBSer133 via PKA, total cell lysates were collected at 30 min post-METH treatment in siCON- and siPKA-transfected astrocytes and immunoblotted for pCREBSer133 and total CREB. Bands are detected at 43 kDa for pCREBSer133 and total CREB (F). Cytoplasmic and nuclear protein extracts were collected from astrocytes treated with PKI (gray bars) +/– METH (hatched bars) and immunoblotted for pCREBSer133 (G). The same blot is represented in panel F & G from different sections; dividing lines represent cut sections. Representative western blots are shown in (E–G). Densitometry analyses were performed to quantify band intensities of phospho-proteins to total proteins on multiple immunoblots and represented as fold changes to control ± SEM, in respective panels [(E–G), n = 3]. (A–D) is a representative donor chosen from multiple individual biological astrocyte donors that were tested; each was analyzed in a minimum of triplicate determinations. Molecular weight markers are identified on each western blot (MW) (*p < 0.05, **p < 0.01, ***p < 0.001).




METH Transiently Increases Intracellular Calcium in GCaMP6s-Transfected Astrocytes

Reports suggest that METH results in increased [Ca+2]i in neurons (27, 59). To determine METH-induced activation of [Ca+2]i stores, primary human astrocytes were transfected with a GCaMP6s plasmid (60). Baseline fluorescence was measured in the absence of external stimuli and plotted as 0 FLU (Figures 3A,D), demonstrating undetectable [Ca+2]i, i.e., no fluorescence (Figure 3A). There was an approximate 80% transfection efficiency for GCaMP6s transfection in primary human astrocytes. Although low fluorescence was detectable following 12 s of METH treatment (Figure 3B), a robust increase in fluorescence was visualized at 100 s (Figure 3C). FLU represents fluorescence from imaged astrocyte over time (Figure 3D). These data support the innovative use of GCaMP6s-transfected astrocytes in visualizing METH-induced increases of intracellular calcium via live cell imaging. To further support METH-mediated increases of [Ca+2]i, astrocytes were treated with Fura-2-AM and stimulated with METH, and subsequent calcium levels were quantified (Figures 3E,F). Baseline measurements were taken for 5 min prior to METH stimulation. METH (500 μM) raised intracellular calcium concentrations by ~750 nM, reaching 1,000–1.250 nM [Ca+2]i (Figure 3E, representative donor). Averages from 15 individual astrocytes show basal [Ca+2]i to be ~500 nM with significant increases of [Ca+2]i mediated by METH (Figure 3F, ***p < 0.001). These data confirm that increases of [Ca+2]i are sufficient to activate downstream signaling cascades and phosphorylation of substrates.
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FIGURE 3. METH induces intracellular calcium signaling in GCaMP6s-transfected astrocytes. Primary human astrocytes were transfected with GCaMP6s, a plasmid expressing an ultrasensitive protein calcium sensor, and allowed to recover overnight. MOCK-transfected astrocytes were maintained as controls in parallel. Transfected cells were treated with METH (500 μM, hatched bars) and ionomycin (10 μM) as a positive control [images not shown, (A–C)]. Fluorescence was visualized by confocal microscopy, and images were captured every 500 msec. (A–C) depict images taken from one specific cell prior to METH addition (A), and post-METH addition at 12 and 100 s, respectively (B,C). The histogram shows cumulative data of the pictured astrocyte captured over the entire imaging period (D). [Ca+2]i were quantified with a Fura-2 standard curve, representing changes in emission at 340 and 380 nm at an excitation of 510 nm (image not shown). Absolute [Ca+2]i are represented in (E,F). ((A–E)) is a single astrocyte traced over time representing average changes (E). Several astrocytes (n = 15) are represented as a bar graph (F). (A–E) are a single cell representing average change of multiple astrocyte donors that were tested; each was analyzed in a minimum of triplicate determinations. ***p < 0.001.




METH Activates CaMKII, Phosphorylating CREB at Serine 142

Activation of CaMKII is sensitive to increases in [Ca+2]i (47). We showed METH increases [Ca+2]i in primary human astrocytes (Figure 3). Thus, we investigated CaMKII activity in primary human astrocytes following METH treatment (Figure 4A). CaMKII activity did not change in control astrocytes over time. METH significantly reduced CaMKII activity as early as 5 min (Figure 4A, **p < 0.01) that increased at 15 min and was significantly higher than control at 30 min (Figure 4A, ***p < 0.001). CaMKII mRNA levels significantly decreased in siCaMKII-transfected astrocytes by approximately 50% +/- METH treatment (Figure 4B, ***p < 0.001, **p < 0.01). METH treatment alone significantly reduced CaMKII levels in siCON-transfected astrocytes (Figure 4B, **p < 0.01). METH significantly increased CaMKII activity in siCON- transfected astrocytes (Figure 4C, ***p < 0.001). However, CaMKII activity was ~2-fold lower in siCaMKII-transfected astrocytes as compared to siCON-transfected astrocytes (Figure 4C, ***p < 0.001). Immunoblotting confirmed METH-induced phosphorylation of CaMKII over time, detected as pCaMKII at 54 kDa (Figure 4D). Densitometry analyses from three independent biological donors confirmed METH induced significant increases in pCaMKII at 20 and 30 min (Figure 4D, ***p < 0.001). METH treatment over time mediated pCREBSer142 that was significantly increased at 30 min (Figure 4E, **p < 0.01). METH significantly increased pCREBSer142 in siCON-transfected astrocytes (Figure 4F, *p < 0.05). CaMKII RNA interference abrogated METH-induced pCREBSer142 compared to siCON (Figure 4F, **p < 0.01) implying pCREBSer142 is via METH-induced CaMKII activation. Taken together, METH mediates CREB phosphorylation at serine 142 via CaMKII activation.
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FIGURE 4. METH activates CaMKII and phosphorylates CREB at serine 142 (pCREBSer142). CaMKII enzyme activity was quantified at 5, 15, and 30 min post-METH treatment (500 μM, squares and hatched bars) in equal amounts of cell lysates and represented as fold changes of CaMKII mUnits/mg total protein (A). CaMKII levels and activity were quantified in siCON- and siCaMKII-transfected astrocytes (clear and gray bars, respectively), and represented as CaMKII/GAPDH fold changes and fold changes of CaMKII mUnits/mg total protein (B,C). To evaluate METH-induced phosphorylation of CaMKII, immunoblotting for pCaMKII total CaMKII and GAPDH was detected at 54, 50, and 37 kDa, respectively in astrocytes treated with METH (500 μM) at different time points (D). Immunoblotting for pCREBSer142 to total CREB over time was assayed by western blot with detected bands at 43 kDa (E). To determine METH-induced pCREBSer142 via CaMKII, total cell lysates were collected at 30 min post-METH treatment in siCON- and siCaMKII-transfected astrocytes and immunoblotted for pCREBSer142 and total CREB (F). The same blot is represented in (F) from different sections, dividing line represents a cut section. Representative donors are shown in all panels from multiple astrocyte donors that were tested; each was analyzed in a minimum of triplicate determinations. Densitometry analyses of ratio for phospho-proteins to total proteins was performed to quantify band intensities on multiple immunoblots and represented as fold changes to control ± SEM [(D–F), n = 3]. Molecular weight markers are identified on each western blot (MW) (*p < 0.05, **p < 0.01, ***p < 0.001).




TAAR1 Selective Antagonist, EPPTB, Blocks METH-Induced Signaling in Astrocytes

EPPTB is a selective high affinity antagonist for TAAR1 in neurons, potently antagonizing TAAR1-induced cAMP accumulation in HEK293 cells (40). There are no studies describing EPPTB antagonism of astrocyte TAAR1 activity and/or regulation of astrocyte EAAT-2. Therefore, we evaluated EPPTB effects on astrocyte EAAT-2 (Figure 5A). There were no changes in astrocyte EAAT-2 with EPPTB alone. As previously observed, METH significantly reduced astrocyte EAAT-2 mRNA that significantly increased with EPPTB pretreatment (Figure 5A, **p < 0.01, ***p < 0.001, respectively). The effects of EPPTB on METH-mediated TAAR1 activation were quantified by measuring intracellular cAMP (Figure 5B). EPPTB pretreatment did not significantly affect forskolin-induced intracellular cAMP (***p < 0.001). On the other hand, increased cAMP, mediated by METH, was significantly reduced with EPPTB pretreatment (Figure 5B, ***p < 0.001). Additionally, TAAR1 antagonism with EPPTB prevented METH-mediated increases of [Ca+2]i (Figure 5C). Together, these data suggest that successful antagonism of TAAR1 with EPPTB prevented METH-induced TAAR1 activation and prevented METH-mediated EAAT-2 downregulation. To investigate METH-induced CREB phosphorylation via TAAR1, astrocytes pretreated with EPPTB, and activated with METH (500 μM), were fixed and immunostained for CREB (green), pCREBSer133 (green), pCREBSer142 (green), GFAP (red), and DAPI (blue) (Figures 5D–J). In control astrocytes, total CREB was primarily within the nucleus (Figure 5D). CREB phosphorylated at serine 133 in control astrocytes was low (Figure 5E). CREB phosphorylated at serine 142 showed to be primarily localized perinuclear in the absence of stimulation (Figure 5F). Upon METH treatment, pCREBSer133/142 appeared more robust in astrocyte nucleus, as seen localized with DAPI (Figures 5G,H). EPPTB pretreatment blocked METH-induced nuclear localization of both pCREBSer133 and pCREBSer142 (Figures 5I,J). Thus, these data demonstrate that EPPTB successfully antagonizes astrocyte TAAR1 preventing METH-induced activation and CREB phosphorylation at serine 133 and 142, ultimately preventing EAAT-2 regulation.
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FIGURE 5. TAAR1 selective antagonist, EPPTB, blocks METH-induced signaling in astrocytes. EAAT-2 mRNA levels were assayed in RNA isolated at 8 h post METH (hatched bars) +/– EPPTB (20 μM, gray bars), a TAAR1 selective antagonist (A). Changes in cAMP levels were quantified in astrocytes treated with EPPTB for 1 h prior to METH treatment (100 μM) or forskolin treatment (100 μM) and represented as fold changes ± SEM (B). GCaMP6s-transfected astrocytes were pretreated with EPPTB (red) for 1 h prior to METH stimulation in parallel to untreated astrocytes. Increases in [Ca+2]i were visualized by confocal microscopy and represented as a histogram over time (C). Astrocytes treated with METH, +/– EPPTB pretreatment, were fixed and immunostained with antibodies specific for total CREB [green, (D)], pCREBSer133 [green, (E,G,I)] or pCREBSer142 [green, (F,H,J)], GFAP (red) and DAPI [blue, (D–J)]. Statistical analyses were performed using GraphPad Prism V6.0 with One-way ANOVA and Tukey's post-test for multiple comparisons. P ≤ 0.05 were considered statistically significant, and data represent ± SEM. Representative donors chosen from multiple astrocyte donors were tested; each was analyzed in a minimum of triplicate determinations (**p < 0.01, ***p < 0.001).




IL-1β and HIV-1 Activate CREB

Although METH phosphorylated the co-activating form of CREB, astrocyte EAAT-2 remains downregulated. Likewise, IL-1β and HIV-1 resulted in EAAT-2 downregulation regardless of four NF-κB elements in the EAAT-2 promoter. To address this conundrum and determine if IL-1β and HIV-1 signal similarly to activate the dominant repressor form of CREB, pCREBSer142, we measured [Ca+2]i changes following IL-1β treatments. IL-1β led to increased [Ca+2]i in GCaMP6s-transfected astrocytes (Figures 6A–D). Fluorescence increased as early as 100 s of IL-1β treatment and began quenching at 150 s (Figures 6B,D). The change in FLU is plotted as a histogram in (Figure 6D). Furthermore, IL-1β significantly increased CaMKII activity at 30 min by 2.5-fold (Figure 6E, ***p < 0.001). Western blots showed IL-1β and HIV-1 induced CREB phosphorylation at serine 133 and 142 (Figures 6F,G). Densitometry analyses, from three independent donors, confirmed IL-1β and HIV-1 alone, and in combination, significantly induced pCREBSer133 at 30 min (Figure 6F, **p < 0.01, *p < 0.05, ***p < 0.001, respectively). Likewise, IL-1β and HIV-1 alone and in combination significantly induced pCREBSer142 at 30 min (Figure 6G, *p < 0.05, ***p < 0.001, **p < 0.01, respectively). Taken together, these data demonstrate IL-1β and HIV-1 induced both the co-activating and co-repressor forms of CREB.
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FIGURE 6. HAND-relevant stimuli increase [Ca+2]i, CaMKII activity and phosphorylation of CREB at serine 133 & 142. Primary human astrocytes were transfected with GCaMP6s. MOCK-transfected astrocytes were maintained as controls in parallel. Transfected cells were treated with IL-1β (20 ng/mL, A–C) or ionomycin (10 μM) as a positive control (images not shown). Fluorescence was visualized by confocal microscopy, and images were captured every 500 ms for 5 min. (A–C) depict astrocytes treated with IL-1 at selected time points. The histogram shows cumulative data, captured over 5 min (D). CaMKII activity was measured in astrocytes stimulated with IL-1β (20 ng/mL, hatched bars) for 30 min (E). Primary human astrocytes were treated with IL-1β and HIV-1 (blue bars), alone and in combination. Protein lysates were collected 30 min post-treatment and immunoblotted for total CREB, pCREBSer133, pCREBSer142, and GAPDH (F,G). Dividing lines on blots represented in (F,G) represent cut sections from the same blot. Representative western blots are shown in (F,G). Densitometry analyses were performed to quantify band intensities on multiple immunoblots and represented as fold changes to control ± SEM, in [(F,G), n = 3]. Statistical analyses were performed using GraphPad Prism V6.0 with one-way ANOVA and Tukey's post-test for multiple comparisons. P ≤ 0.05 were considered statistically significant, and data represent means ± SEM. This figure depicts representative donors chosen from multiple astrocyte donors that were tested; each was analyzed in a minimum of triplicate determinations. Data are shown as cumulative fold changes. n represents individual biological replicates. Molecular weight markers are identified on each western blot (MW) (*p < 0.05, **p < 0.01, ***p < 0.001).




Astrocyte EAAT-2 Is Regulated by METH-Mediated Activation of CaMKII, Not PKA

We have demonstrated METH activates PKA/pCREBSer133 and CaMKII/pCREBSer142 signal transduction pathways in primary human astrocytes. To further evaluate the impact of PKA/CREBSer133 and CaMKII/CREBSer142 on EAAT-2 regulation we transfected astrocytes with siRNAs targeting PKA and CaMKII or pretreated astrocytes with PKA or CaMKII inhibitors prior to METH treatment; as they are the downstream substrate targets for secondary messengers, cAMP and [Ca+2]i. METH mediated EAAT-2 downregulation and decreased glutamate clearance activity in siCON-and siPKA-transfected astrocytes (Figures 7A,B, ***p < 0.001). CaMKII downregulation did not change EAAT-2 levels but significantly increased glutamate clearance alone (Figures 7A,B, **p < 0.01). METH significantly increased EAAT-2 levels in siCaMKII-transfected astrocytes compared to siCON + METH and siPKA + METH (Figure 7A, ###p < 0.001) or to siCaMKII transfection alone (Figure 7A, **p < 0.01). Likewise, glutamate clearance was significantly higher following METH treatment in siCaMKII-transfected astrocytes compared to that in siCON- and siPKA-transfected astrocytes (Figure 7B, ###p < 0.001). PKI significantly reduced EAAT-2 mRNA levels alone or with METH (Figure 7C, **p < 0.01), but did not change astrocyte glutamate clearance regardless of METH treatment (Figure 7D). CaMKII inhibitor, KN62, prevented METH-mediated EAAT-2 downregulation (Figure 7C) and significantly increased astrocyte glutamate clearance following METH treatment (Figure 7D, *p < 0.05). Astrocytes pretreated with PKI or KN62, with or without METH, were fixed and immunostained for EAAT-2 (green), GFAP (red), and DAPI (blue) (Figures 7E–J). Astrocyte EAAT-2 protein levels did not robustly change with PKI or KN62 alone compared to control astrocytes (Figures 7E–G). METH reduced EAAT-2 protein expression alone or in combination with PKI (Figures 7H,I). However, pretreatment with KN62 inhibited EAAT-2 downregulation by METH (Figure 7J). Taken together, our data show compelling evidence that [Ca+2]i/CaMKII/pCREBSer142 is the predominate pathway resulting in METH-induced EAAT-2 downregulation.


[image: Figure 7]
FIGURE 7. METH-induced activation of PKA and CaMKII differentially regulates astrocyte EAAT-2. Cultured human astrocyte transfected with siCON (clear bars), siPKA (light gray bars), and siCaMKII (dark gray bars) were treated with METH (500 μM, hatched bars). Alternatively, astrocytes were pretreated with cAMP-dependent PKA inhibitor, PKI (light gray bars), or CaMKII inhibitor, KN62 (dark gray bars), for 1 h prior to METH treatment (hatched bars). RNA was collected from transfected and pretreated astrocytes, and EAAT-2 mRNA levels were analyzed 8 h post-METH treatment (A,C). Glutamate clearance was quantified at 10 h post-glutamate addition (B,D). Astrocytes pretreated with PKA and CaMKII inhibitor +/– METH treatment were immunostained for GFAP (red), EAAT-2 (green), or DAPI [blue, (E–J)]. Statistical analyses were performed using GraphPad Prism V6.0 with one-way ANOVA and Tukey's post-test for multiple comparisons. P ≤ 0.05 were considered statistically significant, and data represent means ± SEM. This figure depicts representative donors chosen from multiple astrocyte donors that were tested; each was analyzed in a minimum of triplicate determinations. Data are shown as cumulative fold changes (*p < 0.05, **p < 0.01, ***p < 0.001, ###p < 0.001).





DISCUSSION

This study uncovers critical signaling pathways in astrocytes mediated via METH-induced TAAR1 activation. Importantly, we identify CREB as a master regulator of astrocyte EAAT-2 following METH treatment. We demonstrate METH activates canonical cAMP/PKA/pCREBSer133 and [Ca+2]i/CaMKII/pCREBSer142 signaling in primary human astrocytes, downstream of TAAR1. TAAR1 is established to trigger an accumulation of intracellular cAMP (24), regulating expression, localization and function of monoamine transporters via phosphorylation of PKA and PKC (61–64). Activation of kinases such as PKA, results in phosphorylation of substrates including CREB. CREB phosphorylation traditionally involves transcriptional activation of CREB binding genes (65). Recruitment of CREB to the EAAT-2 promoter suggests increased promoter activity and EAAT-2 upregulation (29, 66). This study identifies that METH phosphorylates CREB at serine 133; however, EAAT-2 transcription decreases, indicating a differential role for CREB in EAAT-2 regulation, downstream of TAAR1. We tested the hypothesis that TAAR1-mediated signaling, following METH stimulation, dually triggers the activating and dominant repressing forms of CREB, thus dictating EAAT-2 downregulation. We demonstrate astrocyte TAAR1 levels increase following IL-1β and HIV-1 treatment, suggesting a broader role for astrocyte TAAR1 during neuroinflammation. Taken together, our studies reveal a delicate balance between METH-induced activation of cAMP/PKA/pCREBSer133 and [Ca+2]i/CaMKII/pCREBSer142 signaling in the regulation of astrocyte EAAT-2, which tips the downstream balance of EAAT-2 function from glutamate uptake to excitotoxicity.

In this study we confirm that following METH treatments, intracellular cAMP increases, activating PKA, and phosphorylating CREB at serine 133, yet results in astrocyte EAAT-2 downregulation. Kim et al. showed that exogenous application of dibutyl cAMP increases EAAT-2 transcription supporting our hypothesis that selectively activating cAMP/PKA/pCREBSer133 pathway is enough to prevent METH-mediated EAAT-2 downregulation (66). Decreases in astrocyte EAAT-2, subsequent to METH treatment, is not prevented with PKA downregulation, indicating METH responses in astrocytes are likely activating transcriptional repressors. Alternatively, the abundance and distribution of cAMP-regulated guanine nucleotide exchange factors (Epac/cAMP-GEF) warrants further studies, since activation of this exchange protein may converge synergistically with PKA, or mediate increases of [Ca+2]i to regulate other biological functions [reviewed in (67)]. Nonetheless, we demonstrate TAAR1 activation increases [Ca+2]i in primary human astrocytes in parallel to cAMP. Several lines of evidence suggest CaMKs, downstream of increased [Ca+2]i, activate CREB, and result in transcriptional activation and/or repression (68). This balance is mediated via phosphorylation of serine 133 and 142 (36, 37). Phosphorylation of CREB at serine 142 acts as a dominant negative regulator of pCREBSer133-induced transcriptional activation, despite significantly higher amounts of pCREB at serine 133 vs. serine 142 (37, 68). Efficient binding of pCREBSer133 to promoter elements continues; however, pCREBSer142 prevents CBP dimerization, thus inhibiting CREB-supported transcription (68). We hypothesize that the absence of the dominant repressor, pCREBSer142, would permit transcriptional activation of EAAT-2. Consistent with increased EAAT-2 transcription following dibutyl cAMP application that selectively activates PKA/pCREBSer133, we propose that forfeiting CaMKII/pCREBSer142-induced transcriptional repression, while activating PKA/pCREBSer133 is a mechanistic strategy for increasing EAAT-2.

Recently Kumar et al. demonstrated that METH exposure decreased pCaMKII levels in several brain regions of HIV tat transgenic mice (69). These changes correlated with decreased working and spatial memory, neurotrophin levels, and decreased synaptodendritic integrity. Autophosphorylation of CaMKII at threonine 286 is required for kinase activity (70). Both HIV and METH have been shown to reduce pCaMKII in rodents and SIV in rhesus macaques (71, 72). These changes have been associated with neuronal responses and have not been evaluated in astrocytes. Here we show that METH significantly reduced CaMKII activity at 5 min and increased activity by 30 min in human astrocytes. Further, METH, HIV-1, and IL-1β increased pCREBSer142 phosphorylation, which was associated with total CaMKII levels and activity. Together, this suggests that CaMKII activity may be regulated differently in neurons and astrocytes by METH and HIV.

Antagonizing astrocyte TAAR1 with EPPTB, blocked METH-mediated increases in cAMP and [Ca+2]i, prevented METH-induced phosphorylation of CREB at serine 133/142 and averted METH-mediated EAAT-2 decreases. In fact, in EPPTB pretreated astrocytes, METH significantly reduced cAMP levels below baseline, reflecting decreased ATP levels, and potential dysregulation of cellular energy. Inhibiting and/or antagonizing TAAR1, with EPPTB, may be enough to prevent METH-induced EAAT-2 downregulation; yet, METH abuse during CNS inflammation and HIV-1 poses greater threat due to their potential to increase TAAR1 levels/activity and crosstalk between PKA, CaMKII and NF-κB. For instance, the rate of NF-κB translocation into the nucleus is regulated by PKA-induced phosphorylation of NF-κB/Rel complexes, downstream of cAMP (73). Interestingly, NF-κB activation of target genes is optimized by interaction of the RelA subunit with CREB co-activators, CBP and p300 (74, 75). Furthermore, the region of pCREBSer133 that interacts with CBP also interacts with RelA, thereby inhibiting NF-κB activity (76). This serves as compelling evidence for CREB and NF-κB mechanistic crosstalk, ultimately influencing how they regulate transcription of target genes in astrocytes. IL-1β and HIV-1 initiate similar signaling mechanisms in astrocytes as METH, independent of TAAR1 activation. The additive effects of IL-1β and HIV-1 on pCREBSer133 vs. inhibitory effects on pCREBSer142 need to be further investigated and may be a promising mechanistic intervention to prevent glutamate excitotoxicity during neuroinflammatory disorders. Targeting downstream of CaMKII, to prevent pCREBSer142, has larger implications for all genes with CREB promoter elements in astrocytes including inflammatory mediators, oxidative stress genes and growth factors (77–81).

Non-functional mutations in mouse TAAR1 affect METH intake, hypothermia and conditioned taste aversion (82, 83). Humans possess many TAAR1 variants with sensitivity to ligands (84–87). However, the effects of TAAR1 variants on signaling cascades and risk for MUD, HAND, and neuropsychological disease will need to be evaluated. Additionally, there is an apparent dichotomy for TAAR1-associated regulation in neurons vs. astrocytes. TAAR1 function appears to be critical for proper neuronal function (20–22, 88), while increased activity in astrocytes may be detrimental to brain health (27, 41, 89). Targeting TAAR1 in the CNS in a cell specific manner may be difficult; however, these findings open the door for personalized medical interventions for these disorders.

In this study we investigated the duality of METH-induced signaling pathways leading to EAAT-2 transcriptional repression, thereby exacerbating HIV-1-induced decreases in EAAT-2. Figure 8 illustrates signal transduction pathways mediated via TAAR1, METH, HIV-1, and IL-1β in astrocyte EAAT-2 downregulation. We propose that triggering the preferential activation of cAMP/PKA/pCREBSer133 while inhibiting [Ca+2]i/CaMKII/pCREBSer142 signaling would alleviate excitotoxic insult via upregulation of astrocyte EAAT-2 transcription. Additionally, counteracting IL-1β and HIV-1 induced upregulation of TAAR1 would reduce METH effects in astrocytes. Transcriptional regulation of astrocyte TAAR1 via NF-κB warrants further investigation. In addition, mutation of the four NF-κB sites within the EAAT-2 promoter will elucidate on the correlation identified between TAAR1 and EAAT-2 levels and function following IL-1β treatment. Altogether, our studies shed light on tripartite signaling of PKA, CaMKII, and NF-κB involved in TAAR1 and EAAT-2 regulation, METH abuse, and HAND.


[image: Figure 8]
FIGURE 8. METH-induced TAAR1 signaling regulates astrocyte EAAT-2. METH likely activates different signaling pathways in astrocytes that are exacerbated by HIV relevant inflammatory cytokine, IL-1β and/or HIV-1. Intracellular signal transduction pathways lead to CREB phosphorylation, thereby differentially regulating EAAT-2. We have previously demonstrated METH-induced activation of astrocyte TAAR1 increases intracellular cAMP and regulates EAAT-2. In this manuscript, TAAR1 upregulation and increased activity negatively correlate to astrocyte EAAT-2 and impair glutamate clearance capabilities as demonstrated by (Figure 1). Investigation of signal transduction pathways revealed METH-induced TAAR1 activation leads to cAMP/PKA/pCREBSer133 (Figure 2) and [Ca+2]i/CaMKII/pCREBSer142 (Figures 3, 4). As METH activates TAAR1, antagonism with TAAR1 selective antagonist, EPPTB, prevents METH-induced increases of intracellular cAMP and [Ca+2]i, blocking METH-induced phosphorylation of CREB at both serine 133 and 142 (Figure 5). Additionally, exogenous treatment of IL-1β and HIV-1 dually activate cAMP/PKA/pCREBSer133 and [Ca+2]i/CaMKII/pCREBSer142 suggesting similar mechanisms mediating EAAT-2 downregulation (Figure 6). Extrinsic regulation of signaling factors including PKA and CaMKII not only reduce activation of subsequent signaling but also regulate METH-mediated decreases in astrocyte EAAT-2 (Figure 7). Together, our data suggest that pCREBSer142 acts as a dominant repressor of CREB transcriptional activation. Therefore, therapeutically targeting and inhibiting the [Ca+2]i/CaMKII/pCREBSer142 signal transduction pathways have broader implications in the context of METH abuse and neuroinflammation.


Taken together, we have identified crucial mechanistic pathways involved in METH-induced astrocyte neurotoxicity in the context of HAND. Our data provide strong evidence to support the notion that manipulation of signal transduction pathways to favor cAMP/PKA/pCREBSer133 and to abolish [Ca+2]i/CaMKII/pCREBSer142 is a promising strategy for restoring astrocyte EAAT-2 function in the context of METH abuse and HAND.
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Despite effective antiretroviral therapy (ART), mild forms of HIV-associated neurocognitive disorders (HAND) continue to afflict approximately half of all people living with HIV (PLWH). As PLWH age, HIV-associated inflammation perturbs the balance between brain matrix metalloproteinases (MMPs) and their tissue inhibitors of metalloproteinases (TIMPs), likely contributing to neuropathogenesis. The MMP/TIMP balance is associated with cognition, learning, and memory, with TIMPs eliciting neuroprotective effects. Dysregulation of the MMP/TIMP balance was evident in the brains of PLWH where levels of TIMP-1, the inducible family member, were significantly lower than non-infected controls, and MMPs were elevated. Here, we evaluated the MMP/TIMP levels in the doxycycline (DOX)-induced glial fibrillary acidic protein promoter-driven HIV-1 transactivator of transcription (Tat) transgenic mouse model. The HIV-1 protein Tat is constitutively expressed by most infected cells, even during ART suppression of viral replication. Many studies have demonstrated indirect and direct mechanisms of short-term Tat-associated neurodegeneration, including gliosis, blood-brain barrier disruption, elevated inflammatory mediators and neurotoxicity. However, the effects of acute vs. prolonged exposure on Tat-induced dysregulation remain to be seen. This is especially relevant for TIMP-1 as expression was previously shown to be differentially regulated in human astrocytes during acute vs. chronic inflammation. In this context, acute Tat expression was induced with DOX intraperitoneal injections over 3 weeks, while DOX-containing diet was used to achieve long-term Tat expression over 6 months. First, a series of behavior tests evaluating arousal, ambulation, anxiety, and cognition was performed to examine impairments analogous to those observed in HAND. Next, gene expression of components of the MMP/TIMP axis and known HAND-relevant inflammatory mediators were assessed. Altered anxiety-like, motor and/or cognitive behaviors were observed in Tat-induced (iTat) mice. Gene expression of MMPs and TIMPs was altered depending on the duration of Tat expression, which was independent of the HIV-associated neuroinflammation typically implicated in MMP/TIMP regulation. Collectively, we infer that HIV-1 Tat-mediated dysregulation of MMP/TIMP axis and behavioral changes are dependent on duration of exposure. Further, prolonged Tat expression demonstrates a phenotype comparable to asymptomatic to mild HAND manifestation in patients.
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INTRODUCTION

During the antiretroviral therapy (ART) era, the brain remains a viral reservoir for HIV (1–3), and milder forms of HIV-associated neurocognitive disorders (HAND) affect nearly 18 million HIV-infected individuals lowering the quality of life (4–7). Patients suffering from these milder forms of HAND exhibit difficulty with working memory, executive functioning, and speed of information processing (6). Despite a mild or asymptomatic phenotype, complex underlying mechanisms are implicated in HAND pathogenesis. These mechanisms include secretion of proinflammatory mediators from infected and affected cells, blood-brain barrier (BBB) compromise, reactive astrogliosis, excitotoxicity, and imbalance of matrix metalloproteinases (MMPs) – tissue inhibitor of metalloproteinases (TIMPs) axis (8–10).

Imbalance of MMPs and TIMPs has been an important indicator of altered central nervous system (CNS) homeostasis. Increased MMPs disrupt the BBB via breakdown of tight junction proteins, recruit immune cells into the CNS, and cause direct neuronal damage potentially contributing to HAND pathology (11–13). On the other hand, MMP-independent neurotropic effects of TIMPs are well-documented (14–16), including our previous work on TIMP-1-mediated neuroprotection in primary human neurons in response to HAND-relevant stimuli (17). Four MMP and TIMP family proteins are the most investigated in the CNS due to their critical role(s) in modulating brain MMP/TIMP balance during multiple CNS diseases and disorders (18–20). These include both constitutively expressed (MMP-2 and TIMP-2) and inducible (MMP-9, TIMP-1) proteins following injury or inflammation.

In the context of HAND, levels of MMP-2 and/or MMP-9 were elevated in primary brain cell cultures treated with HIV or HIV-relevant stimuli (11, 21, 22) as well as in cerebrospinal fluid (CSF) specimens (23) and postmortem brain tissues of infected patients (24). Concurrently, reduced TIMP-1 levels were also observed in CSF and brain tissues of HIV-infected patients indicative of chronic inflammation (24). Our previous in vitro work in primary human astrocytes demonstrated that TIMP-1 increased or decreased with acute or prolonged HIV-relevant inflammatory stimuli, respectively (24, 25). It remains to be seen if such biphasic changes in TIMP-1 expression in response to acute vs. chronic inflammatory stimuli are observed in vivo, and it may provide insights on using TIMP-1 as a therapeutic option as its neurotropic effects are established.

To address this “knowledge gap,” we employed a doxycycline (DOX)-inducible, glial fibrillary acidic protein (GFAP) promoter-driven HIV-1 transactivator of transcription (Tat)-expressing transgenic (iTat) mouse model (26, 27). HIV-1 Tat is a key protein involved in neuronal dysfunction (28, 29), BBB disruption (22), oxidative stress (30, 31), elevating MMPs (32, 33), and possesses chemokine-like abilities that promote immune infiltration into the brain (26, 34). Several investigations using HIV-1 Tat based transgenic models elucidated effects of acute Tat expression, i.e., a few days after Tat induction (35–41), while the effects of prolonged Tat expression were seldom tested until recently (42, 43). It is imperative to test how duration of Tat expression alters its direct and indirect neurotoxic effects since Tat is known to be produced by infected cells during early as well as late stages, even in the presence of ART. More importantly, it would elucidate if TIMP-1 and subsequently MMP/TIMP axis could be modeled during acute versus prolonged HAND-relevant stimuli in vivo.

To evaluate if Tat-mediated effects on MMP/TIMP axis are similar or biphasic in the context of duration of Tat expression, two DOX administration paradigms were compared to induce acute vs. prolonged Tat expression in the iTat mouse model (Figure 1A). First, a series of behavioral tests investigating anxiety, arousal, ambulation, learning, and memory was conducted to validate functional changes characteristic of HAND in these mice. Following behavior testing, brain gene expressions of MMPs, TIMPs and associated proinflammatory mediators were measured.
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FIGURE 1. Experimental schematic and acute vs. prolonged Tat expression. C57BL/6 wild-type (WT) and iTat mice of both sexes were administered doxycycline (DOX) via intraperitoneal (i.p.) injections (100 mg/kg/day) or DOX-containing food ad libitum (about 5–6 mg DOX/day). (A) A total of seven i.p. injections were given to 5–7 month old mice over 3 weeks prior to and during behavior testing. In parallel, mice were fed DOX food for about 7 months (6 months prior to and 1 month during the behavior testing) starting at 4 to 5 weeks of age. Therefore, these groups were age-matched at the initiation of behavior testing, which was carried out over 4 weeks. After behavior testing, mice were euthanized, and brain tissues were harvested for gene expression and/or protein analyses. (B) Tat mRNA expression was measured in iTat mice using one-step real-time PCR. GAPDH was used as an internal housekeeping control. The iTat mice received acute Tat induction by DOX i.p. injections (n = 11, open squares) and prolonged Tat induction via DOX food (n = 13, solid squares). Each bar represents the mean ± SEM. #p < 0.050 by unpaired T-test. (C) Tat protein expression was measured in WT and iTat mice using simple western (WES, protein simple). GAPDH was used as an internal housekeeping control. The WT and iTat mice received acute Tat induction by DOX i.p. injections (n = 10, open squares) and prolonged Tat induction via DOX food (n = 7, solid squares). Each bar represents the mean ± SEM. #p < 0.050 by unpaired T-test.




MATERIALS AND METHODS


Animals

All animal experiments were conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The study and associated protocols were approved by the University of North Texas Health Science Center Institutional Animal Care and Use Committee in Fort Worth, TX prior to initiation of the study. The iTat mice generated as previously described (26) were provided by Dr. Johnny He. iTat mice were rederived by Jackson Laboratory and expressed both transgenes i.e., hiv tat and reverse tetracycline-controlled transactivator (rtTA) as confirmed by genotyping. Breeder C57BL6/J wild-type (WT) mice (6 weeks old) were purchased from Jackson Laboratory. All experimental mice were bred in house under the same conditions. The mice were housed in groups of three to five in polycarbonate cages with corncob bedding, fed ad libitum, and maintained at an ambient temperature (23 ± 1°C), under a 12 h light/dark cycle.



Treatments

Wild-type and iTat mice were administered DOX by two different methods, intraperitoneal (i.p.) injections or food in order to delineate effects of acute vs. prolonged Tat expression, respectively. We hypothesized that high concentration DOX via i.p. injections compared to food (100 mg/kg/day vs. ~5–6 mg/day) would lead to higher and acute Tat expression, whereas low dose DOX via food would mimic the low level, mild Tat expression, analogous to chronic phenotype. Age- and sex-matched WT mice were used to evaluate off-target DOX effects. The schematic representation of the experimental timeline is presented in Figure 1A. Additional mice with varied frequencies of DOX injections and food were used in preliminary and/or validation experiments (Supplementary Figure 1A).


Acute Tat Induction

Previous studies reported that Tat expression increased significantly after three DOX (100 mg/kg) i.p. injections and returned to baseline in 2 weeks after last injection in a similar GFAP promoter-driven HIV-1 Tat expression mouse model (38). To evaluate an optimal injection paradigm in iTat mice, we performed studies with different DOX concentrations, frequency of i.p. injections and time course to determine an optimal method to model acute Tat expression. Our initial experimental design included 10 injections over 4 weeks to maintain a high Tat expression over 4 weeks of behavior testing. However, an attrition rate of 35% was observed in iTat mice and 30% in WT mice, potentially due to highly acidic pH of doxycycline hyclate (data not shown). Thus, based on preliminary data and previous reports, seven i.p. injections of 100 mg/kg DOX (Cat no. D9891, Sigma-Aldrich, St. Louis, MO) were administered over 3 weeks for an acute Tat induction. Specifically, 5–7 month old mice were injected four times in the week prior to, two times during the 1st week, and once in the 2nd week of behavior testing to maintain Tat expression above baseline during behavioral testing and at the time of brain tissue harvesting.



Prolonged Tat Induction

Mice were fed with chow containing DOX (1,250 mg/kg, Cat no. TD.160353, +maltodextrin, green, Harlan Laboratories, Indianapolis, IN) starting at 4 to 5 weeks of age for a total of 6 months prior to and during the 4 weeks of behavior studies to mimic prolonged Tat expression responses. DOX food intake was consistent for 2 months prior to and during behavior studies.




Behavioral Assessments

At 6 to 7 months, experimental animals were characterized for behavior reflecting anxiety, arousal, spatial learning and memory, and cognitive flexibility. All mice were euthanized within a week after completing behavioral tests. Mice were weighed weekly during behavior studies (Supplementary Figure 2).


Elevated Plus Maze (EPM)

To measure anxiety (38), a plus-shaped maze elevated three feet was placed in a dimly lit test room (60 Watts). The maze consisted of two arms opened to the room and two arms enclosed such that the floor and the rest of the room were not visible. An automated tracking system monitored the position of each mouse in the maze (Any-maze, Stoelting Co., Wood Dale, IL). Mice were acclimated to the testing room for a minimum of 10 min prior to testing. Each mouse was placed in the center of the maze facing an open arm and was given 5 min to explore the maze. Percent time spent in the open arms and total distance covered were recorded.



Locomotor Activity (LMA)

Spontaneous locomotor activity was measured as described previously (44). In this test, each mouse was placed in a clear acrylic box (40.5 × 40.5 × 30.5 cm), surrounded by a photocells-lined metal frame. The test cage was then placed in a dimly lit chamber equipped with a fan that provided background noise (80 dB). The test was conducted for 16 min, in which movements in the horizontal plane and vertical plane (7.6 cm above the floor of the box) were detected by the photocells and processed by a software program (Digiscan apparatus, Omnitech Electronics, model RXYZCM-16, Columbus, OH) to yield different measures including distance covered, vertical activity, and spatial components of spontaneous activity in the box.



Morris Water Maze (MWM)

Spatial learning and memory were measured using a MWM test. Testing was carried out as described previously (45). Mice were acclimated to the testing room for a minimum of 10 min prior to testing each day. During each trial, the mouse was put in a tank filled with opacified water (using non-toxic acrylic white paint) to swim and was able to escape the water by finding and climbing on a platform hidden 1.5 cm below the water surface. The water temperature was maintained at 24 ± 1°C. An automated tracking system recorded various measures such as latency, path length and swimming speed for each trial (Any-maze, Stoelting Co.). The test consisted of two phases. [1] Pre-training phase: during this phase, the tank was covered with a black curtain to hide surrounding visual cues. Each mouse was trained over a single session of five trials with 5 min inter-trial intervals. During each trial, the mouse was allowed to swim until it climbed on the platform or for a maximum of 60 s, whichever was earlier. This pre-training was done so that the mice could learn the motor components of the task such as swimming and climbing onto a platform, and to reduce the bias of anxiety to a new environment during the subsequent phases [2] Acquisition phase: mice were then tested for their ability to locate a hidden platform using spatial cues around the room over four sessions (one session/day). Each session consisted of five trials, at 2-min intervals. For each trial, the mouse was placed at one of four different starting points at the edge of tank and had to swim to the platform, which remained at the same location. The mouse was allowed to swim until it reached the platform or for a maximum of 90 s. Path length (distance taken to reach the platform) over all sessions was used as the primary measure of performance. The swim speed was calculated by dividing path length by the latency (to reach the platform) for each trial.



Discrimination Reversal

The discrimination reversal testing assessed memory with a T-maze as described previously (45). Briefly, the T-maze was constructed of acrylic with black sides to hide spatial cues for the mouse and clear tops for the tester to observe the mouse. The maze consisted of three compartments: a start box (10 × 6.3 × 6 cm), which extended into the stem (17.5 × 6.3 × 6 cm), and two arms (14.5 × 6.3 × 6 cm), each separated by acrylic flaps manually operated by the tester. The maze rested on a metal grid wired to deliver 0.69 mA scrambled shock to the feet. Mice were acclimated to the testing room for a minimum of 10 min prior to testing. Each mouse was tested in three sessions separated by 1 h. At the beginning of each trial, the mouse was placed in the start box, and the start flap was removed for the mouse to enter the stem. During the first trial of the first session, the mouse received a mild shock (0.69 mA) on entering an arm (preferred arm) and was allowed to avoid it by running to the other arm, which then became the correct arm for the remainder of first session. For subsequent trials, shock was initiated 5 s after the opening of the start flap if the mouse had not entered the correct arm or immediately upon entry into the incorrect arm. The shock continued until the correct arm was entered or for a maximum of 60 s. Once the mouse entered the correct arm, the flap was closed to prevent escape, and the mouse was moved after 10 s, by detaching the arm, into a holding cage for 1 min before beginning the next trial. This trial paradigm continued until the mouse fulfilled the correct avoidance criterion, i.e., running directly to the correct arm within 5 s, in four of the five consecutive training trials including the last two. In the second and third sessions, there was a reversal in correct arm such that the mouse was required to run to the other arm compared to the one it was trained for in the previous session. The ability of the mice to learn is inversely proportional to number of trials required to fulfill the avoidance criteria.




Cardiac Perfusion, Euthanasia, and Tissue Harvesting

Mice were euthanized by i.p. injections of 100 mg/kg ketamine hydrochloride (100 mg/ml, Putney, Inc, Portland, ME) and 10 mg/kg xylazine (20 mg/ml, Akorn, Inc, Lake Forest, IL) followed by cardiac perfusion using 1X phosphate buffer saline. For animals that underwent behavior testing, each harvested brain was cut in three parts. Posterior half of one hemisphere was used for RNA isolation and subsequent gene expression testing. The posterior half of the other hemisphere was snap frozen prior to protein isolation as described below. The frontal lobe sections were fixed in 4% PFA for future use. Brain tissues of additional mice that received either DOX injections or food at the similar frequencies or duration, respectively, as the mice in the behavior studies were used to elucidate if gene expression patterns observed in different parts of the brain were comparable, namely right hemisphere (RH), left anterior (LA) and left posterior (LP) (Supplementary Figures 1, 3).



RNA Isolation, cDNA Synthesis, and Real-Time PCR

Tissue was homogenized with Trizol (Sigma Aldrich). The homogenates (1 mL Trizol/~100 mg tissue weight) were centrifuged to remove debris, and viscous supernatants were used for RNA isolation. Total RNA was isolated using phenol-chloroform extraction method, treated with DNAse (Thermo Fisher, Waltham, MA) as per manufacturer's instructions to digest genomic DNA, and then reverse transcribed into cDNA template for real-time PCR. TaqMan™ Fast Advanced Master Mix (Cat no. 4444557, Applied Biosystems, Foster City, CA) and Applied Biosystems TaqMan gene expression assays for TIMP-1 (Cat no. Mm01341361), TIMP-2 (Cat no. Mm00441825), MMP-2 (Cat no. Mm00439498), MMP-9 (Cat no. Mm00442991), interleukin (IL)-1β (Cat no. Mm00434228), tumor necrosis factor (TNF)-α (Cat no. Mm00443258), CCL2 (Cat no. Mm00441242), IL-6 (Cat no. Mm00446190), IL-17 (Cat no. Mm00439618), GFAP (Cat no. Mm01253033), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Cat no. 4352339E), beta-actin (Cat no. Mm01205647_g1) and phosphoglycerate kinase (PGK)-1 (Cat no. Mm00435617) were used for gene expression analysis by real-time PCR. Each 20 μL PCR reaction consisted of 100 ng of cDNA, 1X TaqMan™ Fast Advanced Master Mix, 1X probes for both experimental and housekeeping gene targets. The samples were incubated at 95°C for 5 min for polymerase activation, followed by 40 cycles of denaturation and annealing-extension at 95°C for 1 s and 60°C for 20 s. Each sample was measured in triplicates. The threshold cycle (CT) values were converted into ΔΔCT to obtain fold-change in expression as compared to treatment WT controls (behavior injection WT n = 7, behavior food WT n = 13, gross brain region injection WT n = 3, gross brain region food WT n = 5). We noted a difference in basal GAPDH expression, a commonly used housekeeping control, between both strains (Supplementary Table 1). Subsequently, we tested two other housekeeping genes, i.e., β-actin and PGK-1. PGK-1 was selected to be used as a housekeeping control for gene expression comparisons between strains, based on least difference between the two strains.

For Tat mRNA measurements, mRNA was isolated from total RNA using Dynabeads mRNA direct purification kit (Cat no. 61012, Thermo Fisher). Primers used for Tat detection were 5′ ggaagcatccaggaagtcag 3′ and 5′ ggaggtgggttgctttgata 3′ with 5′ cctcctcaaggcagtcagac 3′ used as probe. Tat mRNA expression was evaluated using TaqMan™ Fast Virus 1-Step Mastermix (Cat no. 4444432, Applied Biosystems). GAPDH was used as an internal housekeeping control. Each 20 μL PCR reaction consisted of 20 ng of mRNA, 1X Fast Virus 1-Step Mastermix, 1X probes for Tat and GAPDH gene targets. The samples were incubated at 50°C for 5 min, 95°C for 20 s, followed by 40 cycles of denaturation and annealing-extension at 95°C for 3 s and 60°C for 30 s. Each sample was measured in triplicates. The ratios of threshold cycle (CT) values of Tat and GAPDH were used for quantitative assessments.



Protein Isolation and Simple Western

Tissue was homogenized in 2 μL RIPA buffer (Thermo Fisher) per mg tissue using a red bead lysis kit with a mix of zirconium beads (Cat no. REDE5, Next Advance, Troy, NY) and the Bead Mill 4 (Fisher) at speed 4 for 3 min. Several WT and iTat brain sections from the food group were homogenized using at 5 μl RIPA/ 1 mg tissue using the PRO200 homogenizer (PRO Scientific, Oxford, CT). However, some of these lysates were too dilute for further analysis. The homogenates were centrifuged for 10 min at 10,000 g to remove the beads and debris. Protein concentrations of the clarified lysates were determined by the BCA protein assay microplate method (Thermo Fisher) according to manufacturer's instructions. Brain lysates were diluted to 2 mg/ml and assayed by simple western (Protein Simple, San Jose, CA) according to their standard protocol. HIV-1 Tat was detected with a rabbit polycolonal antibody (Cat no. ab43014, lot no. GR3264810-9, abcam, Cambridge, MA) at a 1:10 dilution using the 2-40 kDa separation and anti-rabbit detection modules. HIV-1 IIIB Tat recombinant protein was obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH and used as a positive control and standard across WES assays. GAPDH was detected using a monocolonal mouse antibody 6C5 (Cat no. sc32233, lot no. K0315, Santa Cruz Biotechnology, Dallas, TX) at a 1:5000 dilution using the 12-230 kDa separation and anti- mouse detection modules. Brain HIV Tat levels were normalized to the HIV-1 Tat positive control column before normalization to GAPDH.



Statistical Analysis

All data are presented as mean ± SEM. Differences between mean values were determined using analyses of variance (ANOVA) or T-test. Tat mRNA and protein levels in iTat mice between two induction paradigms were analyzed using a two-sided T-test. All behavior and gene expression data were subjected to two-way ANOVA, with Treatment Time (acute vs. prolonged) and Strain (WT vs. iTat) as between group factors. Additionally, Water maze and body weight data were subjected to three-way ANOVA, with Treatment Time and Strain as between-group factors, and duration or session as within group factors. Planned individual comparisons between groups were made using the single degree-of-freedom F tests. The alpha level was set at 0.05 for all analyses. Statistical analyses for behavioral tests and gene expression post behavior testing were performed using Systat 13 (Figures 2–7). Gene expression data for Tat mRNA, protein and brain region-specific gene expression in additional mice were analyzed using Prism 8.0 (Figure 1, Supplementary Figures 1, 3).
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FIGURE 2. Higher anxiety levels were observed in iTat mice compared to Treatment Time WT controls in elevated plus maze testing. Anxiety levels were measured by (A) the percent time spent in the open arms and (B) total distance covered on the maze in iTat and WT mice. The WT mice (n = 6, open circles) and the iTat mice (n = 12, open squares) received acute induction by DOX i.p. injections, while the WT mice (n = 13, solid circles) and the iTat mice (n = 13, solid squares) received prolonged induction via DOX food. Each bar represents the mean ± SEM. *p < 0.050 for same Treatment Time comparisons between Strains by two-way ANOVA using Treatment Time and Strain as variables.





RESULTS


Evaluating Tat Transgene Expression

Acute Tat expression was induced using DOX injection method, similar to previous studies investigating Tat-mediated behavioral changes in iTat mice (36, 38, 39). Additionally, prolonged Tat expression was induced via food, which was also used in this model previously (43). Tat gene expression was quantified in mRNA isolated from iTat mouse brain tissues using one-step PCR. Preliminary assessments for acute induction model indicated that, Tat expression increased significantly with increased number of DOX injections increased from six injections to ten injections and reduced sharply after a week while remaining at detectable levels (Supplementary Figure 1B). Further, Tat expression was higher in the left posterior (LP) brain region (p = 0.013 and p = 0.023, respectively), compared to right hemisphere (RH) and left anterior (LA) with the i.p. induction method, while prolonged food-based method did not show changes in Tat expression in different gross brain regions (Supplementary Figure 1C). In the mice that underwent behavior studies, relative tat gene expression was evaluated in brain harvested at the end of the study. Tat mRMA levels were higher in acute iTat brains (injection) compared to prolonged iTat brains (Figure 1B) (#p = 0.026). Tat gene expression was undetectable in WT brain tissues (data not shown). Similar to mRNA levels, Tat protein levels were significantly higher than DOX-injected iTat mice compared to DOX-fed mice (*p = 0.013) (Figure 1C).



Elevated Plus Maze (EPM)

Anxiety was measured using the percent time spent in the open arms of the EPM (Figure 2A). In the injected group, the iTat mice spent less time than their WT controls in the open arms (p < 0.05), while in the food group, there was no significant difference between the iTat mice and their WT controls. Overall, the DOX fed mice spent less time in the open arms than the DOX injected mice, and the iTat mice, regardless of treatment, spent less time in the open arms than the WT. These observations were supported by an ANOVA, which revealed significant main effects of Treatment Time (p = 0.002) and Strain (p = 0.014) on the percent time spent in the open arms; however, there was no significant interaction between the two factors (p = 0.170).

Distance traveled by the mice in the maze was measured to determine if activity affected the time spent in the arms (Figure 2B). There was no difference between any of the groups, which was supported by a lack of significant main effects of Treatment Time (p = 0.342), Strain (p = 0.339), or their interaction (p = 0.586).



Locomotor Activity (LMA)

The effects of Treatment Time and Strain on the horizontal, vertical, and spatial components of spontaneous activity are presented in Figure 3. In the injected group, there was no difference between the iTat and the WT, while in the food group, the iTat traveled less distance than the WT (p < 0.050) (Figure 3A). The two-way ANOVA revealed a significant main effect of Treatment Time (p = 0.034), but no effect of Strain (p = 0.202) or an interaction between Strain and Treatment Time (p = 0.071).
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FIGURE 3. Prolonged HIV-1 Tat expression led to slower ambulation, reduced vertical activity, and reduced center time compared to acute Tat expression in iTat mice. (A) Horizontal Distance, (B) Vertical Activity, and (C) Center Time in iTat and WT mice were measured. Average per minute values for each parameter were plotted. The WT mice (n = 7–8, open circles) and the iTat mice (n = 10–11, open squares) received acute induction by DOX i.p. injections, while the WT mice (n = 13, solid circles) and the iTat mice (n = 13, solid squares) received prolonged induction via DOX food. Each bar represents the mean ± SEM. *p < 0.050 for same Treatment Time comparisons between Strains, #p < 0.050 for same Strain comparisons across Treatment Time by two-way ANOVA using Treatment Time and Strain as variables.


The number of rearing counts served as a measure for vertical activity and is presented in Figure 3B. In the injection group, the iTat mice had higher rearing counts compared to their WT (p < 0.050), while in the food group, there was no difference between iTat and WT. This finding was supported by a significant interaction of Treatment Time and Strain (p = 0.040). The two-way ANOVA also yielded a significant main effect of Treatment Time (p = 0.030) but no effect of Strain (p = 0.180).

In Figure 3C, the amount of time spent in the center of the apparatus is presented. In both injected and food groups, the time spent in the center was comparable between WT and iTat. Overall, there was no difference between the WT and iTat mice; however, the injected mice spent more time in the center than the food mice. These observations are supported by a two-way ANOVA yielding a main effect of Treatment Time (p = 0.029), and no effect of Strain (p = 0.516) or interaction of the two factors (p = 0.322).

Given the differences observed in acute vs. prolonged iTat mice, we further evaluated if these were driven by Sex as a secondary analysis. However, in a three-way ANOVA using on all measures of LMA there was no significant interaction of Sex with Strain or Treatment. We also looked at averages for each and similar trends were seen in both sexes supporting the lack of interaction reported by the analyses.



Morris Water Maze (MWM)

Spatial memory was assessed measuring path length and swim speed of mice to locate a hidden platform under the water surface (Figure 4A). All mice learned to locate the platform across sessions, and a similar pattern of learning efficiency was observed across the groups. This was supported by a significant effect of Session (p < 0.05) and a lack of interaction between Session and any other factors (all p > 0.400) following a repeated measure ANOVA. In the injected group, there was no difference between iTat and WT, while in the food group, the iTat took longer path length at every session than the WT. This observation was not supported by a main effect of Strain (p = 0.089) or Treatment Time (p = 0.516), or an interaction between the two factors (p = 0.399).


[image: Figure 4]
FIGURE 4. Morris water maze performance indicated faster swim speeds in iTat mice during acute vs. prolonged HIV-1 Tat expression. (A) Path length and (B) swimming speed were assessed in iTat and WT mice over four sessions. Each data point represents the mean ± SEM from an average of four trials per session. One session is equivalent to 1 day. The WT mice (n = 7, solid line with open circles) and the iTat mice (n = 11, solid line with open squares) received acute induction by DOX i.p. injections, while the WT mice (n = 13, dashed line with solid circles) and the iTat mice (n = 13, dashed line with solid squares) received prolonged induction via DOX food.


Swim speed was analyzed and is presented in Figure 4B. The swim speed of the mice varied across sessions (p < 0.010), but the other factors did not have an effect across sessions (all p > 0.2). Overall, the iTat mice swam faster than the WT mice in both paradigms, and the injected mice seemed to swim faster than the food mice, but it was mostly due to the injected iTat mice. These observations were supported by a main effect of Strain (p < 0.001), a main effect of Treatment Time (p = 0.049), and no interaction between two factors (p = 0.676).



Discrimination Reversal (T-Maze)

Data from the first session of the discriminated avoidance task (TTC1) represent a measure of learning/acquisition and the subsequent two sessions represent a measure of cognitive flexibility (TTC2, TTC3) (Figure 5). During the acquisition session, even though the food iTat mice seem to take more trials to reach criterion it did not reach significance. Neither strain nor treatment time seem to affect the performance of the mice during acquisition, which is supported by lack of main effects or interaction following a two-way ANOVA (all p > 0.132) (Figure 5). During the first reversal session (TTC2), there was no difference between the two genotypes in the injected group. However, in the food group, the iTat mice took more trials to reach criterion compared to the WT (p < 0.05). A two-way ANOVA yielded a main effect of Strain (p = 0.021) which was mostly due to the effect in the food group, and there was no main effect of Treatment Time or an interaction (all p > 0.226). In the last reversal session (TTC3), the injected iTat mice took less trials than the WT, while the food iTat mice took more trials than the WT to reach criterion. This observation was supported by a significant interaction between Strain and Treatment Time (p = 0.041).


[image: Figure 5]
FIGURE 5. Prolonged HIV-1 Tat expression increased trials to reach avoidance criteria in iTat mice in discrimination reversal test. The T-maze test measured the number of total trials taken by iTat and WT mice to reach discriminated avoidance criteria during three sessions. The WT mice (n = 7, open circles) and the iTat mice (n = 11, open squares) received acute induction by DOX i.p. injections, while the WT mice (n = 12, solid circles) and the iTat mice (n = 13, solid squares) received prolonged induction via DOX food. Each bar represents the mean ± SEM, TTC: total trials to criteria, TTC1: Acquisition session, TTC2, TTC3: Reversal session, *p < 0.050 for same Treatment Time comparisons between Strains, #p < 0.050 for same Strain comparisons across Treatment Time by two-way ANOVA using Treatment Time and Strain as variables.




Evaluating Expression of Proinflammatory Cytokines and Gliosis

The mRNA levels of a number of proinflammatory cytokines including IL-1β, TNF-α, and CCL2 were comparable among all treatment groups (Figures 6A–C). Subsequently, a two-way ANOVA failed to show main effects of Treatment Time and Strain or their interaction on their gene expression (all p > 0.305). The gene expression of IL-6 was significantly reduced in iTat mice compared to Treatment Time WT controls, respectively (both p < 0.050) (Figure 6D). Further, the IL-6 expression was significantly higher in DOX-fed iTat mice (p = 0.044) compared to DOX-injected iTat mice. A two-way ANOVA indicated a main effect of Strain (p < 0.001), but there was no effect of Treatment Time or interaction of the two-factors. Gene expression of another known inflammatory cytokine IL-17 was undetectable in both WT and iTat mice (data not shown). As the Tat transgene expression is driven by the GFAP promoter and elevated GFAP expression is a marker of astrogliosis, we measured if there were transcriptional changes in GFAP expression. While GFAP mRNA expression in acute and prolonged Tat expressing mice was comparable to their respective WT controls, acute Tat expressing mice showed significantly higher GFAP mRNA expression when compared to prolonged Tat-expressing mice (p < 0.05) (Figure 6E). This was also reflected in a main effect of Strain approaching significance (p = 0.062); however, there was no effect of Treatment Time (p = 0.097) and its interaction with Strain (p = 0.298) on GFAP gene expression.


[image: Figure 6]
FIGURE 6. Key pro-inflammatory biomarkers gene expression remained comparable with acute and prolonged HIV-1 Tat induction in iTat mice. (A) IL-1β (B) TNF-α (C) CCL2, (D) IL-6, and (E) GFAP mRNA levels were measured in iTat and WT mouse brain tissues by real-time PCR. The WT mice (n = 7, open circles) and the iTat mice (n = 11, open squares) received acute induction by DOX i.p. injections, while the WT mice (n = 12–13, solid circles) and the iTat mice (n = 12–13, solid squares) received prolonged induction via DOX food. Each bar represents the mean ± SEM, *p < 0.050 for same Treatment Time comparisons between Strains, #p < 0.050 for same Strain comparisons across Treatment Time by two-way ANOVA using Treatment Time and Strain as variables.




Gene Expression of MMP/TIMP Balance Components

Simultaneously, we evaluated the MMP/TIMP balance in iTat mice, by measuring TIMP-1, TIMP-2, MMP-9, and MMP-2 gene expression profiles (Figure 7). Among inducible proteins regulating the MMP/TIMP axis, TIMP-1 mRNA levels increased significantly in acute Tat-expressing mice compared to their WT controls, while prolonged Tat expressing iTat mice showed comparable expression to their respective WT mice (Figure 7A). More importantly, TIMP-1 expression was significantly lower in prolonged Tat-expressing iTat mice compared to their acute Tat-expressing counterparts. These trends were reflected in the two-way ANOVA, which showed main effects of Treatment Time (p = 0.015) and Strain (p = 0.043) as well as their interaction on TIMP-1 gene expression (p = 0.009). Acute Tat-expressing iTat mice had higher TIMP-2 mRNA expression compared to their WT control (Figure 7B). The levels of MMP-9 and MMP-2 were higher in iTat mice compared to their WT (Figures 7C,D). A two-way ANOVA indicated a main effect of Strain (all p < 0.011) on TIMP-2, MMP-9, and MMP-2 levels; however, there were no effects of Treatment Time and its interaction with Strain (all p > 0.134). The changes in mRNA expression were also analyzed as MMP/TIMP ratios for iTat mice (Table 1). Both MMP-2 and MMP-9 ratios to TIMP-1 were higher in the prolonged Tat-induction paradigm compared to acute Tat-expressing iTat mice. On the other hand, MMP-2 ratio to TIMP-2 was comparable across Treatment Time for iTat mice. Our preliminary studies also established that relative changes in the mRNA expression of MMP/TIMP components remained consistent in different parts of the brain (Supplementary Figure 3) and changes observed following behavior studies were consistent in mice that did not undergo behavior, highlighting that there was no effect of behavior studies and/or gross brain regions on the changes reported here.


[image: Figure 7]
FIGURE 7. Acute vs. prolonged HIV-1 Tat induction dysregulated MMP/TIMP balance in iTat mice. (A) TIMP-1, (B) TIMP-2, (C) MMP-9, (D) and MMP-2 gene expression was measured in iTat and WT mice. The WT mice (n = 7, open circles) and the iTat mice (n = 11, open squares) received acute induction by DOX i.p. injections, while the WT mice (n = 12–13, solid circles) and the iTat mice (n = 12 – 13, solid squares) received prolonged induction via DOX food. Each bar represents the mean ± SEM, *p < 0.050 same Treatment Time comparisons between Strains, #p < 0.050 for the same Strain comparisons across the treatments by two-way ANOVA using Treatment Time and Strain as variables.



Table 1. MMP/TIMP ratios in acute and prolonged DOX-treated iTat mice injected and fed with DOX, respectively.
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DISCUSSION

The iTat mice used in this study (26, 46) and a similar inducible HIV-1 Tat model (35, 47) have been used to evaluate behavior (36, 38, 43, 48) and/or gene expression (49, 50) following either DOX i.p. injections or food. In this study, both DOX-administration methods, i.e., i.p. injections and food, were used simultaneously to mimic acute vs. prolonged Tat induction, respectively. A previous study concurrently evaluated acute and prolonged effects of Tat in Sprague-Dawley rats; however, resulting changes from both methods were not directly compared (31). Further, induction methods consisted of direct Tat injection in the brain for acute effects, while chronic expression was achieved via injection of SV40-derived vector expressing Tat (31). Thus, to the best of our knowledge, this is the first report directly comparing two different HIV-1 Tat induction methods to evaluate changes in behavior and gene expression in a rodent model.

We showed that Tat induction in iTat mice led to mild behavioral deficits when compared to WT controls including one or more of the following trends [1] higher anxiety levels depicted by reduced time spent in the open arms of EPM [2] altered ambulation during LMA [3] higher swim speeds in MWM [4] altered learning in T-maze. Simultaneously, we also depicted that gene expressions of [1] select inflammatory cytokines were unchanged, [2] MMPs were elevated, [3] TIMPs were altered depending on the duration of Tat exposure, subsequently impacting the brain MMP/TIMP balance. Lastly, when Treatment Time was considered as a variable, DOX-injected iTat mice were distinctly different as compared to DOX-fed iTat mice in terms of behavior and gene expression.

Psychiatric conditions including anxiety disorders are frequently observed in PLWH (51). HIV-1 proteins including Tat and glycoprotein120 (gp120) are implicated in direct or indirect mechanisms that manifest into anxiety-like symptoms (52). Indeed, several previous reports investigated Tat-induced anxiety and/or stress, including sex-specific differences, in transgenic HIV-1 Tat rodent models (42, 43, 48, 53). Since our investigations did not focus on sex-specific changes, we did not test for sex as a confounding variable for anxiety. Paris et al. reported a DOX i.p. dose- and duration-dependent increase in anxiety using open field and marble burying tests in iTat mice (38). The data from our studies is consistent in part with these findings, as we observed increased anxiety in EPM in DOX-injected iTat mice compared to their WT counterparts. However, such difference in anxiety was not observed in DOX-fed iTat mice, despite a much longer duration of Tat expression. Reduced ambulation is also among metrics for increased anxiety (54). Additionally, increased swim speed in MWM was associated with higher stress in mice (55) as well as rats (56). Thus, data from this study for DOX-injected vs. DOX-fed iTat mice, as compared to their Treatment Time WT controls, collectively present two overlapping, yet distinct behavioral phenotypes; related to higher anxiety and stress. The DOX-injected mice spent less time in the open arms of the EPM and swam faster in MWM but showed no differences in spontaneous locomotor activity. On the other hand, DOX-fed mice displayed lower ambulation in LMA and swam faster in MWM; yet, showed no differences in EPM. In turn, these findings indicate that there are multiple underlying mechanisms that modulate the anxiety-like behaviors, which are potentially regulated by varied Tat concentrations and/or exposure durations.

Impaired motor skills, characterized by slowed movements and incoordination, were among the symptoms of the mild cognitive motor disorder (MCMD) as per the 1991 American Academy of Neurology criteria (57). In the revised HAND classification system, commonly known as Frascati criteria, motor skills testing was included in the cognitive neuropsychological assessments (4). Further, motor symptoms such as leg weakness and unsteady gait were observed in mild forms of HAND (4). In this context, the lowered ambulation observed in DOX-fed mice was consistent with previous reports measuring ambulation using same test and model (43) as well as a different HIV-1 Tat model, which measured ambulation using open field test (48). In parallel, the DOX-injected iTat mice showed similar ambulation, center time, and higher vertical activity as compared to their Treatment Time controls. Thus, we observed Treatment Time-specific difference in iTat mice for all three measures of LMA. It might be argued that these differences were impacted by body weight since the DOX-fed mice had an average 33% higher body weight. However, such distinction was not observed in DOX-injected and -fed WT mice, despite exhibiting a similar weight difference. Thus, it can be inferred that the differential Tat exposure led to distinct locomotor changes in iTat mice.

Lastly, we used MWM and T-maze to study spatial learning and memory, and cognitive flexibility. We did not observe robust changes between iTat and WT mice by either induction paradigm, except the DOX-fed iTat mice demonstrated poorer learning during the second reversal trial in T-maze. These data were in contrast to previous literature that found distinct memory and cognitive impairments (36, 43, 58, 59). It is possible that differences observed in behavioral trends in this study compared to previous reports could be attributed to different readouts in a test, such as MWM conducted over 4 days in this study vs. 18 days in a previous study (43), or due to differences in two strains of Tat mice, which differ in Tat copy number (42). Additionally, two induction paradigms present different handling requirements and it is not known if additional handling of mice during injection may change their response to behavior.

Our approach to mimic acute Tat expression using i.p. injections was based previous reports that depicted dynamic dose- and frequency-dependent changes in Tat expression (36, 38). In contrast, studies employing DOX-containing chow ranging from 3 weeks to 1 year have emphasized on the paradigm mimicking a chronic, low level inflammation, and leading to detrimental effects including reduced brain volume, increased ventricular volume, gliosis, inflammatory cytokine expression, and neuronal damage (42, 43, 48, 50). In this regard, our study provides a first direct comparison of Tat expression by two DOX administration methods. As stated earlier, the objective for evaluating behavior prior to studying MMP/TIMP axis in these mice was to evaluate if the behavioral changes are consistent in both induction paradigms and if the observed phenotype would be analogous to symptoms observed in HAND patients. Both paradigms resulted in changes including increased anxiety, motor and/or learning deficits. However, higher Tat levels resulting from DOX i.p. injections did not translate into relatively increased deficits when compared to mildly elevated Tat expression via DOX-containing chow. Further, the high expression obtained with DOX-injections reduced rapidly and there was a high attrition rate observed. Alternately, the food-based induction provided a mild, yet sustained expression over a longer time with minimal to no attrition. These observations highlight that Tat induction method should be selected carefully depending on the goals of the study.

Previous reports documented that Tat-induced behavioral impairments were sex dependent and males were more vulnerable than female mice (48, 60). Further, direct intervention with progesterone reduced anxiety-like effects in ovariectomized female iTat mice indicating direct effect of sex hormones in modulating Tat-induced behavioral impairments (53). In this context, we performed a preliminary analysis of our data to evaluate sex-based differences in behavior. It was observed that characteristic behavioral deficit phenotype may be more prominent in male mice compared to female mice. However, further testing with more mice and thorough analysis will be required to evaluate these trends further.

Despite milder symptoms observed in PLWH during the ART era, underlying neuropathogenesis remains persistent and complex involving multiple underlying processes such as gliosis, elevated inflammatory factors, and neurotoxicity (6). Alterations in the tightly regulated brain MMP/TIMP balance is among the phenomena associated with neuroinflammation and intensively studied in multiple neurological conditions (8, 61). The principal MMP-driven mechanisms contributing to HAND pathogenesis include blood-brain barrier (BBB) breakdown, inducing neuronal dysfunction, and myelin degradation (11). The effects of MMPs are inhibited by TIMPs, mainly TIMP-1 and TIMP-2. TIMP-1 is produced in response to injury by multiple cell types including reactive astrocytes (62) and reactive astrogliosis is one of the hallmarks of chronic neuroinflammation characteristic of HAND (63). Therefore, it is essential to understand brain TIMP-1 regulation in the HAND-relevant iTat model.

It must be noted that the iTat mouse model produces only one viral protein, i.e., HIV-1 Tat, in a specific cell type, i.e., astrocytes. Astrocytes are highly relevant in HAND pathology, as they are infected by HIV, possess an ability to harbor virus, and remain a latent viral reservoir in the brain (64–66). Astrocytes are also capable of producing viral proteins such as Nef and Tat (67, 68). Transcriptomic analysis in an in vitro model of latently infected human astrocytes found upregulated neuroinflammatory pathways including interferon signaling, death receptor signaling, and activation of pattern recognition receptors (69). Another recent study demonstrated that astrocyte-derived HIV trafficked out of CNS and was found in peripheral organs in a transgenic mouse model (3). Thus, while it is not possible to mimic HAND in its entirety in iTat mice, it remains a clinically relevant model to understand impact of astrocytes on neuroinflammation in HAND.

We and several others depicted inflammatory biomarkers TNF-α- or IL-1β-mediated MMP and/or TIMP expression regulation in vitro or in vivo, particularly in astrocytes (24, 70–72). Further, Tat-mediated upregulation of TNF-α was linked to MMP regulation and subsequent neurotoxicity (33, 73). In a study that found altered MMPs and TIMPs levels in the CSF and blood of HAND patients, TNF-α and CCL2 were among top three altered proinflammatory cytokines (23). A recent study in a similar Tat-transgenic model demonstrated increase in TNF-α, IL-1β, CCL2, IL-6, and IL-17 gene expression in the cortex with prolonged Tat expression (50). Contrary to these findings, the basal levels of IL-1β, TNF-α, CCL2 were comparable to respective WT controls in our studies. In parallel, IL-6 mRNA expression was reduced in iTat mice compared to WT mice and IL-17 was not detected in the brains of both WT and iTat mice. Our results suggest that Tat expression may not directly upregulate these select inflammatory cytokines transcriptionally in this model. It remains to be seen if the baseline expression levels of these cytokines regulate MMPs and TIMPs transcriptionally in addition to Tat-driven mechanisms. Simultaneously, it is also possible that using PGK-1 as a housekeeping gene instead of commonly used GAPDH may alter the gene expression results and the presented data must be interpreted accordingly.

Lastly, we observed marginal increases in GFAP transcription in iTat mice that were not significant compared to WT controls. However, GFAP gene expression in DOX-injected iTat mice was higher than DOX-fed mice. Dr. He and colleagues demonstrated a Tat-induced GFAP protein elevation in iTat mice in several reports (46, 49). Our data corroborate this on a transcriptional level since changes in GFAP in acute vs. prolonged Tat expression correspond with relative Tat levels in both paradigms.

All four tested MMPs and TIMPs were elevated in DOX-injected iTat mice, which showed a higher Tat expression. In parallel, DOX-fed iTat mice, with lower Tat expression, indicated comparable levels of inducible proteins TIMP-1, MMP-9, as well as, TIMP-2. These results suggest that Tat-induced transcriptional changes in MMP/TIMP axis might be driven by reversible, negative feedback mechanisms. This hypothesis is also supported by the results observed in our preliminary experiments. In the preliminary experiments, mice euthanized 1 day after six DOX injections showed robust changes in MMP and TIMP gene expression. In comparison, increases in gene expression of MMPs and TIMPs were not as robust in DOX-injected mice that underwent behavior and were harvested 2 weeks after the last DOX injection. Further, both TIMP-1 and TIMP-2 have known neurotropic and neuroprotective effects (74, 75), and their return normal levels during prolonged inflammation tipped the scale toward MMPs.

These results validated our hypotheses that TIMP-1 is a key regulator in maintaining the brain MMP/TIMP balance and it is differentially regulated during acute vs. prolonged inflammatory stimuli. It was documented that TIMP-1 and TIMP-2 preferentially inhibit MMP-9 and MMP-2, respectively (74). In this context, the MMP-9/TIMP-1 ratio was investigated extensively in multiple neurological conditions such as multiple sclerosis (76, 77), stroke/ischemia (78, 79), and Alzheimer's disease (80). Our data confirms that both of these ratios are relevant in the context of HAND as MMP-2/TIMP-2 ratio remains higher in iTat mice compared to WT mice irrespective of the duration of Tat exposure whereas elevated MMP-9/TIMP-1 may be used to predict prolonged inflammation in this model. There are a couple of potential caveats that should be considered in the context of presented data. First, previous reports documented DOX induced transcriptional inhibition of MMPs (81) and hence using a DOX-inducible transgenic model for studying gene expression of MMP/TIMP axis may not be appropriate. However, we used appropriate WT controls that were either injected or fed with DOX, potentially eliminating DOX-specific effects from interpretation. Further, despite high amounts of DOX administration, significant changes were observed in MMPs. Second, our study does not indicate a direct Tat-mediated regulation of MMP/TIMP balance and further investigations will be required to delineate specific underlying mechanisms. Overall, our data emphasizes the potential role of MMP/TIMP axis during Tat-mediated neurotoxicity.

A previous report documented that CSF MMP-9 and MMP-2 had deleterious effects on verbal fluency and motor speed parameters, respectively (82). More recently, we reported that plasma levels of TIMP-1 correlated significantly with neurocognitive performance measures including complex attention, cognitive flexibility, psychomotor speed, and executive function in HIV+ cohort. In this regard, it is logical to speculate the impact of MMP/TIMP axis on behavioral changes observed in iTat mice. This hypothesis is supported by previous studies, which found impact of MMP/TIMP axis components on rodent behavior. In particular, TIMP-1 was shown to impact memory and cognition in mice in an olfactory maze test (83, 84) and MMP-9 knockout mice exhibited lower anxiety in EPM and higher vertical activity in an open field test (85). The MMP-9/TIMP-1 balance was also associated with altered neuronal plasticity and memory in rodent models (86, 87). Further, increased MMP levels are also linked to long-term memory (85, 87) as well as learning impairments (83, 84), and altered synaptic plasticity (86). Since the link between dysregulated intracellular mechanisms and behavioral phenotypes in HAND is not yet well-established, we infer that our data provides a potential novel direction for HAND investigations.



CONCLUSION

As per recent reports, neurological complications in PLWH have become less severe with impairments related to working memory, executive functioning, and speed of information processing (88). The mild behavioral impairments observed in our studies provide a relevant model for future tests on the effects of treatment and/or mitigating interventions. The gene expression established that prolonged Tat expression tipped the MMP/TIMP axis toward MMPs in iTat mice. Consistent with our previous work, TIMP-1 expression increased with acute Tat expression and was reduced in comparison during prolonged Tat expression (24, 25). Considering the MMP-independent neuroprotective functions of TIMP-1 (14, 15, 17, 89), these findings support our hypothesis of TIMP-1 restoration as a therapeutic strategy to treat or prevent neurological deficits in HAND. Astrocytes are the primary producers of TIMP-1 in the brain following injury or inflammatory stimuli. Thus, a tested, efficient, astrocyte-targeted gene therapy approach (90, 91) to modulate TIMP-1 would be the most logical next step. These future studies could have broader implications not just for HAND, but other neurodegenerative conditions as well.
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Cognitive impairment remains frequent and heterogeneous in presentation and severity among virally suppressed (VS) women with HIV (WWH). We identified cognitive profiles among 929 VS-WWH and 717 HIV-uninfected women from 11 Women's Interagency HIV Study sites at their first neuropsychological (NP) test battery completion comprised of: Hopkins Verbal Learning Test-Revised, Trail Making, Symbol Digit Modalities, Grooved Pegboard, Stroop, Letter/Animal Fluency, and Letter-Number Sequencing. Using 17 NP performance metrics (T-scores), we used Kohonen self-organizing maps to identify patterns of high-dimensional data by mapping participants to similar nodes based on T-scores and clustering those nodes. Among VS-WWH, nine clusters were identified (entropy = 0.990) with four having average T-scores ≥45 for all metrics and thus combined into an “unimpaired” profile (n = 311). Impaired profiles consisted of weaknesses in: (1) sequencing (Profile-1; n = 129), (2) speed (Profile-2; n = 144), (3) learning + recognition (Profile-3; n = 137), (4) learning + memory (Profile-4; n = 86), and (5) learning + processing speed + attention + executive function (Profile-5; n = 122). Sociodemographic, behavioral, and clinical variables differentiated profile membership using Random Forest models. The top 10 variables distinguishing the combined impaired vs. unimpaired profiles were: clinic site, age, education, race, illicit substance use, current and nadir CD4 count, duration of effective antiretrovirals, and protease inhibitor use. Additional variables differentiating each impaired from unimpaired profile included: depression, stress-symptoms, income (Profile-1); depression, employment (Profile 2); depression, integrase inhibitor (INSTI) use (Profile-3); employment, INSTI use, income, atazanavir use, non-ART medications with anticholinergic properties (Profile-4); and marijuana use (Profile-5). Findings highlight consideration of NP profile heterogeneity and potential modifiable factors contributing to impaired profiles.

Keywords: HIV, cognition, women, heterogeneity, phenotypes, random forest, machine learning


INTRODUCTION

Early in the HIV epidemic, people with HIV (PWH) frequently exhibited distinct clinical features including cognitive, behavioral, and motor dysfunction characteristic of a subcortical dementia (1, 2). The clinical syndrome was progressive, severe and included slow mental processing, memory impairment, gait disturbance, tremors, apathy, and depressive symptoms. Since the advent of effective and accessible antiretroviral therapy (ART), PWH are living longer and may be more likely to develop comorbidities that include hypertension, diabetes, cardiovascular disease, chronic liver and renal disease, and malignancies (3, 4). Although it remains unclear as to whether these comorbidities accelerate and/or potentiate CNS dysfunction, different combinations of comorbidities are likely to result in diverse patterns of cognitive function. Thus, in PWH there is a need to understand cognitive profiles and their correlates, including sociodemographic, clinical, and behavioral factors in the context of viral suppression. Cognitive phenotyping in NeuroHIV research may facilitate a better understanding of the underlying pathophysiological mechanisms of each specific cognitive profile.

Several studies using different methodological approaches focus on patterns and predictors of cognitive function in PWH (5–7). Cognitive patterns in PWH were first investigated by Lojek and Bornstein (5), who identified four patterns in 162 predominately White (93%), young (mean age = 34 years), and educated (mean years of education = 14) men at various stages of HIV infection. Using dimension reduction (factor analysis) of seven neuropsychological (NP) outcome metrics from 16 tests followed by k-means clustering, the four profiles consisted of (1) a generally unimpaired group; and weaknesses or impairments in (2) only psychomotor speed, (3) only memory and learning, and (4) most domains. A recent cross-sectional study identified three profiles using five cognitive domain T-scores in a latent profile analysis in almost 3,000 predominately White (69%), educated (mean years of education = 15) men with HIV (MWH; 53%) and without HIV from the Multicenter AIDS Cohort Study (MACS; mean age = 40 years) (7). The three profiles included an unimpaired profile, a profile below average on learning and memory, and a profile below average on all domains. Similarly, three profiles were identified using 10 NP outcome metrics in a latent profile analysis in 361 PWH who were predominately men (88%), actively receiving ART (94%) at the Southern Alberta Clinic (6). Again, an unimpaired profile was identified along with a profile with specific weaknesses in executive function and memory and one with more global NP impairment. Notably, each of these studies focused on all or predominately White, educated MWH and included mixed samples of virological suppressed (VS) and non-suppressed (NVS) individuals. Findings in MWH cannot necessarily be generalized to women with HIV (WWH). WWH may be at greater risk for cognitive impairment due, in part, to a disproportionate burden of poverty, low literacy levels, substance abuse, poor mental health, barriers to health care services, and environmental exposures prevalent in predominantly minority urban communities in which they reside (8, 9). Biological factors, such as sex steroid hormones and female-specific factors (e.g., pregnancy, menopause), may also contribute to the pattern and magnitude of cognitive impairment in PWH (9). Combining samples of NVS and VS individuals introduces heterogeneity in cognitive function and findings from combined samples may not be generalizable to VS-PWH, a population that is expanding with the introduction of increasingly tolerable and available medication options.

As the pattern and predictors of cognitive function are likely not the same in (1) MWH and WWH as well as in (2) VS vs. NVS individuals (9), we examined heterogeneity in NP performance in the largest sample to date of VS-WWH and HIV-uninfected women. We accomplished this by applying novel machine learning methods to identify subgroups who demonstrated similar NP profiles. This approach may help guide our understanding of profiles that are associated with patterns of NP weakness. We also identified factors associated with each profile from a constellation of sociodemographic, behavioral, and clinical factors that have been found to be import distinguishing factors in prior studies (5–7), with the addition of female-specific factors (e.g., pregnancy, menopausal stage) that could not be examined in mixed-sex studies.



MATERIALS AND METHODS


Participants

The Women's Interagency HIV Study (WIHS) is a multi-center, longitudinal, study of WWH and HIV-uninfected women. The first three waves of study enrollment occurred between October 1994 and November 1995, October 2001 and September 2002, and January 2011 and January 2013 from six sites (Brooklyn, Bronx, Chicago, DC, Los Angeles, and San Francisco). A more recent wave of enrollment occurred at sites in the southern US (Chapel Hill, Atlanta, Miami, Birmingham, and Jackson) between October 2013 and September 2015. Study methodology including recruitment procedures and eligibility criteria, training, and quality assurance procedures were previously published (10–12). This analysis was restricted to all participants completing the first NP test battery. NP data for the initial six sites were collected between 2009 and 2011, while NP data from the southern sites were collected between 2013 and 2015.



Neuropsychological (NP) Test Battery and Outcomes

The NP test battery included the Hopkins Verbal Learning Test-Revised (HVLT-R; outcomes: trial 1 learning, total learning, delayed free recall, percent retention, recognition), Letter-Number Sequencing (LNS; outcomes: total correct on the working memory and attention conditions), Trail Making Test (TMT; outcomes: time to complete Parts A and B), Stroop (outcome: time to complete Trials 1 [color reading], 2 [color naming], and 3 [color-word]), Symbol Digit Modalities Test (SDMT; outcome: total correct), Letter-guided verbal fluency (Controlled Oral Word Associations Test (COWAT; outcome: total correct words generated across three trials [F, A, S]), Animal fluency (outcome: total correct animals generated), and Grooved Pegboard (GPEG; outcomes: time to completion, dominant, and non-dominant hand). Timed outcomes were log transformed to normalize distributions and reverse scored so higher equated to better performance. Demographically-adjusted T-scores were calculated for each outcome (13, 14). T-scores are normalized to have an average of 50 and a standard deviation of 10. Mean T-scores >55 were considered high performing, between 45 and 55 were considered within the normal range, <45 were considered as weaknesses, and those <40 were considered impaired.



Factors Associated With NP Profiles

Factors of interest were based on prior NP WIHS studies (13, 14) and included: clinic site; enrollment wave; sociodemographic, mental health, behavioral, clinical, and female-specific factors; and common non-ART medications with known neurocognitive adverse effects (NCAEs) (15, 16). Sociodemographic factors included age, education, WRAT-III reading subscale score, race/ethnicity, employment status, average annual household income (≤$12,000), and health insurance status. Mental health factors included depressive symptoms (Center for Epidemiological Studies Depression scale [CES-D] ≤16]), perceived stress (perceived stress scale [PSS]-10 top tertile cutoff), and post-traumatic stress symptoms (PTSD Checklist—Civilian Scale) (17). Behavioral factors included current smoking status, recent alcohol intake, marijuana, and crack, cocaine, and heroin use. General clinical, metabolic, and cardiovascular factors included Hepatitis C antibody positive, body mass index (BMI), non-ART medication use [e.g., NCAEs, statins, NCAE medications with a higher anticholinergic burden (16)], and history of stroke, hypertension, and diabetes mellitus. Female-specific factors included ever pregnant, history of hysterectomy and/or bilateral oophorectomy, hormonal contraceptive use, hormone therapy use, and menopausal stage [defined using the Study of Women's Health Across the Nation [SWAN] criteria (18) which is also used in previous WIHS studies (19)]. HIV-related clinical factors included HIV RNA, nadir and current CD4+ T lymphocyte count, ART use and adherence, duration of ART use, and previous AIDS diagnosis.



Statistical Analyses

All 17 NP measures were used to find groups of similar cognitive profiles within each participant subset (VS-WWH, HIV-uninfected) utilizing Kohonen self-organizing maps (SOM) followed by clustering with MClust. SOM is an unsupervised machine learning technique used to identify patterns in high dimensional data by producing a two-dimensional grid representation consisting of multiple nodes which have a fixed position in the SOM grid along with associated participants who are mapped to that node. The coordinates of the node represent the similarity to other nodes (i.e., nodes that are closer together in the grid have similar patterns than nodes that are further away) and one node can represent multiple participants. Following the identification of the nodes, the nodes were clustered using the MClust package. Once the clustering of the nodes was completed, cluster profiles were assigned to the participants associated to that node. Profiles where the mean T-Score on all cognitive outcomes was ≥45 were combined into an “unimpaired” profile. By using SOM and MClust in sequence, we were able to achieve fine-tuned clustering based on patterns of NP performance.

Factors associated with profile membership between each impaired profile and the unimpaired profile within each group (VS-WWH, HIV-uninfected) were explored by creating Random Forest (RF) models and then extracting variable importance. The datasets were randomly separated into training (70%) and testing (30%) sets. RF models were created on the training sets using internal validation via a 10-fold resampling method repeated five times. Prior to model creation, the Synthetic Minority Over-sampling Technique (SMOTE) was used to control for bias due to any imbalance in the number of cases. Variables were removed from the model if they had low variance or if they had >30% missing data. Any missing data in the remaining variables was imputed before model creation using RF imputations and ridge regression (α size of 0.0001 for a compromise between stability and lack of bias). For comparison to previous studies we also created RF models for each group comparing the combined unimpaired and impaired profiles. Models were also validated on the testing set to confirm that they still had predictive power balanced between classes and that success of the trained models was not due to overfitting. All variables were plotted by relative variable importance based on the training set models, and attention was given to the top 10 variables in each profile.

All analysis was done using R analysis packages. SOM was achieved using the Kohonen package in R (20) and clustering was done using the MClust package (21). MClust is an R Software package used for model-based clustering using finite normal mixture modeling that provides functions for parameter estimation via the Expectation-Maximization algorithm with an assortment of covariance structures. This program identifies the best model for 10 parameterized covariance structures and chooses the best one based on the lowest Bayesian Information Criterion (BIC). The covariance structures consist of varying distributions (spherical, diagonal, or ellipsoidal), volumes (equal or variable), shapes (equal of variable), and orientation (equal or variable, only for ellipsoidal distribution). Random Forest model creation was achieved using the Caret (22) package in R. SMOTE resampling was done using the DMwR (23) package. Imputation of missing data was done using the Multivariate Imputation by Chained Equations (24) (MICE) package in R. ROC confidence intervals were calculated using the pROC package in R with 2,000 stratified bootstrap replicates (95%CI).




RESULTS


Participants

Participants included 929 VS-WWH and 717 HIV-uninfected women at their first study visit with complete NP testing (Supplementary Table 1). On average, participants were 45.1 ± 9.3 years of age with 12.7 years of education. Thirty percent were from the southern WIHS sites, 69% were non-Hispanic Black, and 15% identified as Hispanic. Only 41% were employed and 48% reported having an average annual household income <$12,000/year, while 87% were currently insured. Thirty percent had depressive symptoms while 35% were identified as having higher perceived stress levels. Nineteen percent had recently used marijuana, 7% were currently using crack, cocaine, and/or heroin, and 40% were current smokers. Ninety percent reported ever having been pregnant and 41% were post-menopausal. The average T-score for all NP tests in VS-WWH and HIV- women was in the normal range between 45 and 55 (Supplementary Table 2).



Cognitive Profiles in VS-WWH and HIV-Uninfected Women

For both VS-WWH and HIV-uninfected women, clusters of participants with similar patterns of relative performance on all 17 NP were profiled using a sequence of SOM and MClust. VS-WWH and HIV-uninfected women had good fits (entropy = 0.99) and were then assigned names based on their relative patterns of weaknesses after consultation with a clinical neuropsychologist. The profiles are visualized in Figure 1 and univariate differences between the test scores, as well as univariate differences in predictor variables, are given in Tables 1, 2 (Supplementary Tables 3, 4).


[image: Figure 1]
FIGURE 1. Neuropsychological profiles in (A) virally suppressed women with HIV(VS-WWH) and (B) HIV-uninfected women. HVLT-R, Hopkins Verbal Learning Test-Revised; LNS, Letter-Number Sequencing; GPEG, Grooved Pegboard.



Table 1. Sociodemographic, clinical, and behavioral factors by subgroup of virally suppressed [VS] women with HIV [WWH].
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Table 2. Sociodemographic, clinical, and behavioral factors by subgroup of HIV-uninfected (UN) women.
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Profile Results in VS-WWH

Profiling of the 929 VS-WWH resulted in nine total clusters using an ellipsoidal multivariate mixture model with equal orientation (VVE) with an entropy of 0.99. Of these clusters, four were combined into a large “unimpaired” cluster consisting of 311 women (Figure 1A; Table 1). Of the remaining clusters:

Profiling of the 1,666 PWH resulted in three total groups from a using an ellipsoidal multivariate mixture model with equal orientation with an entropy of 0.982 (Figure 1A).

- Profile 1-VS (n = 129): sequencing indicated by weaknesses on tests of sequencing (LNS, TMT-Part B). Learning, memory, verbal fluency, processing speed, inhibition, and manual speed were preserved.

- Profile 2-VS (n = 144): speed indicated by weaknesses or impairments on most tests of speed (weak: Stroop, TMT, SDMT, GPEG-dominant hand; impaired: GPEG non-dominant hand). Verbal fluency, attention, working memory, learning, and memory were preserved.

- Profile 3-VS (n = 137): learning and recognition indicated by weak learning (HVLT-R trial 1 and total learning) and recognition (HVLT-R recognition). Retention, verbal fluency, attention, working memory, processing speed, executive functioning, and manual speed were preserved.

- Profile 4-VS (n = 86): learning and memory indicated primarily by impaired memory (HVLT-R delayed recall, recognition, retention) and weak learning (HVLT-R trial 1 and total learning), with mild weaknesses on select speeded measures (Stroop-trial 1, TMT, SDMT). Verbal fluency, attention, working memory, executive functioning, and manual speed were relatively preserved.

- Profile 5-VS (n = 122): learning, processing speed, attention, and executive functioning indicated by impaired and/or weak learning, processing speed, attention, and executive functioning (impaired: COWAT, TMT-Part A; weak: HVLT-R trial 1 and total learning, animal fluency, LNS, SDMT, Stroop-trial 3, TMT-Part B). Manual speed and memory were preserved.



Profile Results in HIV-Uninfected Women

Profiling of the 717 HIV-uninfected women also resulted in nine total clusters (Figure 1B; Table 2) from an ellipsoidal multivariate model with equal volume and orientation (EVE) with an entropy of 0.99. Of these clusters, four did not have mean T-scores that were <45 on any test and were therefore combined into a large “unimpaired” cluster consisting of 400 women. Of the remaining clusters:

- Profile 1-UN (n = 68): visual and motor speed indicated by weaknesses on tests of visual and motor speed (Stroop, TMT, SDMT). Learning, memory, verbal fluency, attention, working memory, and manual speed were preserved.

- Profile 2-UN (n = 58): learning, recall, and verbal fluency indicated primarily by weak learning, recall, and verbal fluency (HVLT-R trial 1, total learning, delayed recall, retention, COWAT, animal fluency). Recognition, processing speed, executive functioning, and manual speed were relatively preserved.

- Profile 3-UN (n = 72): manual speed indicated primarily by impaired manual speed (GPEG) and weak TMT. Learning and memory were spared and all other domains remained relatively preserved.

- Profile 4-UN (n = 75): learning and memory indicated by impaired recall (HVLT-R delayed recall and retention) and weak learning and recognition (HVLT-R trial 1, total learning, and recognition). All other domains were spared.

- Profile 5-UN (n = 44): learning, memory, speed indicated primarily by impaired learning and memory (HVLT-R total learning, delayed recall, and recognition) with impairments or weaknesses on select speeded tests (TMT, GPEG, Stroop-trial 3). Verbal fluency, attention, working memory, and visuo-verbal processing speed (Stroop Trials 1 and 2) were relatively preserved.




Predictors of Cognitive Profiles

For each group of women, a RF model was created to help identify variables contributing in a non-linear fashion to distinguishing between each impaired and the unimpaired profile. An additional model was created to distinguish between all combined impairment profiles and the unimpaired profile in order to compare the differences in variables. For each model, variable importance was calculated and those that ranked as the top 10 were identified.


Predictors of Cognitive Profiles in VS-WWH

In RF models (Figure 2), the top 10 variables distinguishing women in the impaired from unimpaired profiles (ROC = 0.91) included clinic site, sociodemographic factors (age, race, education), behavioral (crack, cocaine, and/or heroin use), and clinical factors (BMI, protease inhibitor [PI]-based regimen, current and nadir CD4 count, and years of cART use). Specifically, women in the impaired vs. unimpaired profiles had: a higher minority and southern site representation (non-Hispanic Black, 76 vs. 66%; southern clinics, 36 vs. 32%), less education (12.6 vs. 12.8 years), PI use(70 vs. 60%), healthy BMI of 18.5–24.9 kg/m2 (19 vs. 24%), and ever use of crack, cocaine, and/or heroin (49 vs. 40%). Many of these variables were also important contributors to the individual impairment profiles, although some additional variables were found to be important distinguishers. Compared to the unimpaired profile:

- Profile 1-VS (n = 129): sequencing (ROC = 0.89, Testing Accuracy = 0.89, Testing Sensitivity = 0.84, Testing Specificity = 1.0) were more likely to have a lower annual household income (48 vs. 40%), depressive symptoms (30 vs. 21%), and higher perceived (40 vs. 26%) and post-traumatic stress (25 vs. 13%).

- Profile 2-VS (n = 144): speed (ROC = 0.90, Testing Accuracy = 0.90, Testing Sensitivity = 0.85, Testing Specificity = 1.0) were more likely to be unemployed (71 vs. 51%) and have depressive symptoms (35 vs. 21%).

- Profile 3-VS (n = 137): learning and recognition (ROC = 0.90, Testing Accuracy = 0.88, Testing Sensitivity = 0.83, Testing Specificity = 1.0) were more likely to have depressive symptoms (34 vs. 21%) and be on an integrase inhibitor (INSTI)-based regimen (27 vs. 19%).

- Profile 4-VS (n = 86): learning and memory (ROC = 0.88, Testing Accuracy = 0.89, Testing Sensitivity = 0.87, Testing Specificity = 0.96) were more likely to be unemployed (73 vs. 51%, P<0.001), have a lower annual household income (70 vs. 40%), be on INSTI-based regimen (28 vs. 19%), atazanavir (ATZ, 24 vs. 15%), and non-ART medications with higher anticholinergic burden (22 vs. 11%).

- Profile 5-VS (n = 122): learning, processing speed, and executive function (ROC = 0.91, Testing Accuracy = 0.86, Testing Sensitivity = 0.81, Testing Specificity = 1.0) were less likely to currently use marijuana (15 vs. 20%).


[image: Figure 2]
FIGURE 2. Variable Importance results from the Random Forest Models in virally suppressed women with HIV (VS-WWH). The length of the bars indicates the relative importance of the variable in that model. The top 10 variables in each model have been highlighted in black. 3TC, lamivudine; ABC, abacavir; ART, antiretroviral therapy; ATV, atazanavir; BMI, body mass index; COBI, cobicistat; DRV, darunavir; DTG, dolutegravir; EFV, efavirenz; EVG, elvitegravir; FTC, emtricitabine; INSTI, integrase inhibitor; PI, protease inhibitor; RAL, raltegravir; RPV, rilpivirine; RTV, ritonavir; TDF, tenofovir disoproxil fumarate; ZDV, Zidovudine; NCAE, non-ART medications with neurocognitive adverse effects.




Predictors of Cognitive Profiles in HIV-Uninfected Women

In RF models (Figure 3), the top 10 variables distinguishing the impaired profiles from unimpaired profiles (ROC = 0.93) included: clinic site, cohort wave, sociodemographic factors (age, education, race, employment status), behavioral (smoking, marijuana, crack, cocaine, and/or heroin use), and clinical factors (BMI). Many of these factors were also important contributors to the individual impairment profiles, with some differences. Compared to women in the unimpaired profile:

- Profile 1-UN (n = 68): visual and motor speed (ROC = 0.83, Testing Accuracy = 0.67, Testing Sensitivity = 0.90, Testing Specificity = 0.63) were more likely to have diabetes (22 vs. 16%), depressive symptoms (44 vs. 25%), high perceived stress (43 vs. 34%), use antidepressants (9 vs. 7%), and more non-ART drugs with anticholinergic properties (3 vs. 1%).

- Profile 2-UN (n = 58): learning, recall, and verbal fluency (ROC = 0.72, Testing Accuracy = 0.71, Testing Sensitivity = 1.0, Testing Specificity = 0.67) were more likely to have a lower annual household income (47 vs. 41%), have had an oophorectomy (17 vs. 13%), depressive symptoms (33 vs. 25%), high perceived stress (45 vs. 34%), diabetes (21 vs. 16%), and hypertension (36 vs. 38%).

- Profile 3-UN (n = 72): motor speed (ROC = 0.85, Testing Accuracy = 0.75, Testing Sensitivity = 1.0, Testing Specificity = 0.71) were more likely to have depressive symptoms (47 vs. 25%), perceived stress (47 vs. 34%) and post-traumatic symptoms (28 vs. 19%), HCV (18 vs. 10%), and less likely to have had an oophorectomy (9 vs. 13%).

- Profile 4-UN (n = 75): learning and memory (ROC = 0.79, Testing Accuracy = 0.76, Testing Sensitivity = 0.95, Testing Specificity = 0.73) were less likely to have ever been pregnant (88 vs. 91%).

- Profile 5-UN (n = 44): learning, memory, and speed (ROC = 0.76, Testing Accuracy = 0.73, Testing Sensitivity = 1.0, Testing Specificity = 0.70) were more likely to have diabetes (32 vs. 16%) and hypertension (53 vs. 38%).
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FIGURE 3. Variable Importance results from the Random Forest Models in HIV-uninfected (UN) women. The length of the bars indicates the relative importance of the variable in that model. The top 10 variables in each model have been highlighted in black. BMI, body mass index; NCAE, non-ART medications with neurocognitive adverse effects; OOPH, oopherectomy.






DISCUSSION

We used machine learning models to identify distinct homogenous subgroups (profiles) in the largest dataset to date in VS-WWH and HIV-uninfected women. Separate patterns of cognitive performance, as well as associated factors of those patterns among each subgroup of women, were identified. The factors identified allow for screening and intervention, including potentially changing non-ART medications, as well as mental health and substance use screening and intervention.

In the context of viral suppression, we identified several profiles with distinct patterns of performance across 17 NP outcomes. While these profiles are statistically-derived, some of the profiles found here parallel commonly identified patterns in other neurological conditions or processes. Among the virally suppressed group, Profile 1-VS revealed a unique pattern reflecting exclusive weaknesses in cognitive sequencing (LNS Attention and Working Memory) and motor set-shifting (TMT-Part B). While to our knowledge, this combination of isolated deficits in cognitive sequencing and motor set-shifting has not been appreciated in other disease populations, specific deficits in cognitive sequencing/verbal working memory have been observed in individuals with schizophrenia and their first-degree relatives (25). Additionally, McDonald et al. (26) identified specific problems with motor set-shifting (TMT-Part B) in individuals with frontal lobe epilepsy. In contrast to the very specific weaknesses identified in Profile 1-VS, Profile 2-VS reflects general slowing, which is most often associated with typical (i.e., “healthy”) aging (27). Profile 3-VS, characterized by poor encoding and recognition with intact retention, is more of a typical HIV-associated profile (28) compared to mild cognitive impairment due to Alzheimer's disease (AD) (29). Profile 4-VS showed a mostly amnestic profile with some evidence of cognitive slowing, as can be observed in AD or in AD with vascular contributions (30). This profile is similar to Profile 4-UN, which reflected an amnestic profile that is often observed in typical AD (31). Profile 5-VS, showing intact memory storage and manual speed/dexterity, but weak or impaired attention, processing speed, learning, and executive functioning is similar to what is observed in individuals with diffuse frontal-subcortical small vessel disease (32). Interestingly, a profile did not emerge among VS-WWH reflecting specific motor slowing which has been linked to HIV infection. This is consistent with prior cross-sectional WIHS analyses, where motor slowing was not a prominent feature among WWH but rather verbal learning and memory (13).

Among the seronegative group, Profile1-UN was more likely to have diabetes, raising the possibility that their specific visual and motor deficits could be related to physical complications of diabetes, including diabetic retinopathy and neuropathy (33, 34). Profile2-UN reflects unique impairments on the most verbally mediated tasks (i.e., verbal learning and recall, and verbal fluencies). While we are unaware of any specific disease process or syndrome that shows the same pattern, this group of individuals has clear weakness in verbal skills, which could be due to many factors, including learning differences or damage to brain regions associated with verbally mediated tasks. Profile 3-UN, reflecting specific motor slowing, is commonly observed in individuals with basal ganglia dysfunction, such as Parkinson's disease (35). Profile 5-UN, revealing rather generalized cognitive weaknesses or impairments, but relatively preserved attention and visual processing, does not reflect any specific disease process or syndrome to our knowledge.

Even though the HIV group was virally suppressed, the dominant profiles did not fully align with the HIV-uninfected women, suggesting that HIV affects cognitive function even in the era of effective ART. There is a wealth of literature postulating neuronal damage as a result of ART agents (36), a viral reservoir that persists possibly due to poor CNS penetration of ART (37), or even legacy effects of damage occurring earlier during infection (38). Indeed, in the VS-WWH RF model where all impaired groups were grouped together, nadir CD4 was a top predictor of group membership. This also points to how existing studies that consider impairment to be a unidimensional construct may only be able to detect differences in these variables and miss those associated more strongly with some profiles than others.

Despite different cognitive profiles among VS-WWH, the most discriminative factors between each impaired profile vs. the unimpaired profile were similar and included a number of well-established sociodemographic cognitive correlates, such as years of education, age, and race/ethnicity (39). Clinic site location also emerged, a factor that we have also seen using more standard statistical approaches in the WIHS (13, 14). The factors underlying this rather robust association is unknown but may involve neighborhood factors, such as violence and food insecurity. Additionally, common behavioral correlates of cognition emerged including illicit substance use (40, 41), which in the case of marijuana was more likely to be used in the unimpaired profile compared to the impaired profile demonstrating weaknesses in learning, processing speed, and executive function (Profile 5-VS). This finding is consistent with some studies demonstrating the protective effects of marijuana use on cognition in PWH (42). We also found common clinical correlates of cognition that distinguished cognitive profiles among VS-WWH including BMI (43, 44) and PI use (45). Likely proxies of HIV disease burden, including nadir CD4 count and years of ART use, were also discriminators (38, 46, 47). In contrast, sociodemographic and medical variables were unable to distinguish cognitive profiles based on seven major cognitive domains (48).

Mental health factors also emerged as important profile discriminators among VS-WWH, including depressive and stress-related symptoms. Depressive symptoms differentiated a number of impaired profiles (4 of 5 profiles) compared to the unimpaired profile, whereas stress-related symptoms only emerged for two profiles including Profile 1-VS (sequencing) and Profile 4-VS (learning and memory). These findings align with our WIHS studies demonstrating numerous cognitive correlates of depressive symptoms (19, 49, 50), whereas stress-related symptoms related most strongly to learning and memory in the context of HIV (49, 51). Importantly, mental health factors are an unmet medical need and are modifiable targets to improve cognition in WWH (52).

INSTI use discriminated both Profile3-VS (learning and recognition) and Profile 4-VS (learning and memory) from the unimpaired profile. This finding is consistent with a number of recently published studies indicating INSTI use as a contributor to NP function. One study demonstrated an association between INSTI use and poorer learning and memory but not any other cognitive domains (53). A second study also demonstrated that switching or starting an INSTI was primarily associated with poorer learning among WWH (54). A third study demonstrated that long-term INSTI exposure distinguished two impaired profiles from an unimpaired profile (55).

Our study also allows us to investigate female-specific factors that are often ignored and identify the importance of oophorectomy and/or hysterectomy (Profile2-UN[Learning, Recall, Verbal Fluency], and Profile3-UN[Motor Speed]) and menopause status (Profile4-UN[Learning and Memory]). Interestingly, these female-specific factors only emerged as important profile discriminators among HIV-uninfected women. As the proportion of menopause-inducing and non-inducing oophorectomy and/or hysterectomy was similar across VS-WWH and HIV-uninfected women, one possible explanation is that the virus itself and clinical factors, such as ART may explain more of the variance in cognitive function in VS-WWH. However, in the absence of HIV, negative effects of oophorectomy and/or hysterectomy on cognition may become more apparent. Overall, these female-specific factors are potential contributions that are missed in other studies, which are predominately male. Future studies of women should evaluate these variables in a similar stratified form to identify potential mechanistic contributions.

The existence of distinctive patterns of cognitive performance, as well as distinct factors associated with those patterns, also adds to existing evidence of differing neuropathological mechanisms. The dominant profiles often contained patterns of weaknesses that were subclinical, yet still lower than the unimpaired profiles. In many cases, the associated factors are intervenable and should be followed up with mechanistic and longitudinal studies.

Differences between the profiles identified here and previous efforts to identify cognitive patterns can be attributed to both the methods used and the study population. To identify meaningful cognitive patterns, we used a combination of SOM and MClust, which is a slight deviation from tradition k-means clustering. The nature of k-means is that it yields clusters where the most dramatic differences are shown, which may ignore subtle differences in patterns. Even Molsberry et al. (7) and Amusan et al. (55) who used latent profile analysis using domain T-scores had their fit dominated by a high-performing and a low-performing group. Using SOM for dimension reduction on the T-scores for individual tests prevented us from following pre-conceived notions about the latent structures of cognitive domains, which have been shown to be different in HIV (56). Another reason that we may have found different profiles than prior studies is that we focused on a diverse sample of underserved lower-income, African-American and Hispanic WWH where social correlates of health are common (e.g., low educational attainment, poverty, food insecurity, etc.) (8, 57) and may lead to more heterogeneous patterns of cognitive function. Of importance, this demographic is a more accurate reflection of the HIV epidemic as opposed to the predominantly White populations evaluated in other cohorts.

The addition of machine learning models to traditional univariate statistics to identify dominating predictor variables is another distinguishing aspect of the current study. It is important to point out that RF modeling is a non-linear model, and that the variable importance measure does not take into account directionality. Therefore, it is possible to have a top predictor variable from RF that does not have P < 0.05 using a t-test. RF models are also multivariate; instead of, the predictive capabilities of variables are always observed within the context of other variables. This is important considering that none of these factors exist in isolation. This makes the model more powerful, but one limitation of this statistical approach is that it becomes more difficult to interpret and should be used as a springboard for more mechanistic studies and interventions, which is why machine learning models are often thought of as “hypothesis-generating” models.

In conclusion, in the largest sample of women to date in the United States, we have used a novel pipeline of machine learning methods to identify subgroups of patterns in NP performance and created predictive models to identify the factors that distinguish each pattern from an overall “unimpaired” group. We identified distinct patterns of cognitive weaknesses in VS-WWH that differed from the distinct patterns in HIV-uninfected women. We also identified factors that may contribute to these specific profiles as a springboard for mechanistic or interventional studies. Future studies should also investigate the stability of these profiles over time, and identify the ones, if any, that are prone to future decline.
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Background: Long-term neurocognitive outcomes following first-line suppressive anti-retroviral therapy (ART) remain uncertain for individuals with HIV and hepatitis C (HCV) co-infection. The study examined neurocognitive performance before and after 72 weeks of ART using repeated multivariate analyses and latent trajectory models.

Methods: One hundred and sixty adults with chronic, untreated HIV infection (n = 80 with HCV co-infection and n = 80 HIV mono-infected) and 80 demographically similar healthy controls were recruited from the Hospital for Tropical Diseases in Ho Chi Minh City and the surrounding community, respectively. Neurocognitive measures (adapted for use in Vietnam) and liver enzyme tests were compared across groups at baseline. Repeated multivariate and group-based trajectory analyses (GBTA) examined neurocognitive subgroup profiles of the co-infected individuals after 72 weeks of de novo efavirenz- (n = 41) or raltegravir-based (n = 39) ART.

Results: Baseline analyses revealed worse motor function in HIV-HCV co-infected individuals compared to both comparison groups. Longitudinal analyses revealed improved neurocognitive performance by week 48 for most participants regardless of treatment arm. GBTA identified a subgroup (35% of HIV-HCV sample) with persistent motor impairment despite otherwise successful ART. Higher HIV viral load and lower CD4+ T cell count at baseline predicted persistent motor dysfunction. Liver indices and ART regimen did not predict neurocognitive outcomes in HIV-HCV co-infected individuals.

Conclusions: Most HIV-HCV co-infected individuals achieve normative neurocognitive performance after 48 weeks of de novo suppressive ART. However, individuals with more severe HIV disease prior to ART exhibited motor impairment at baseline and 72 weeks after otherwise successful treatment. Interventions aimed at improving motor symptoms at the time of HIV treatment onset may improve long-term clinical outcomes in HIV-HCV co-infected adults.

Keywords: human immunodeficiency virus, HCV (hepatitis C), co-infection, neurocognition, treatment


INTRODUCTION

As of 2016, 2.3 million cases of HIV-HCV co-infection were reported globally (1). HIV-HCV co-infection disproportionately affects individuals residing in resource-limited settings, where access to direct acting anti-viral treatment for HCV is less readily available (2–5). Recent studies report a high rate of HCV infection among PLWH in Vietnam, with a prevalence of nearly 90% in high-risk subgroups (6, 7). The individual and societal burden of co-occurring HIV and HCV infection is significant. Despite long-term use of anti-retroviral therapy (ART) HIV-HCV co-infected adults report increased use of medical services and level of disability, as well as a greater burden of chronic health complications compared to individuals with HIV mono-infection (8, 9).

HIV-HCV co-infection significantly increases risk for chronic neurocognitive difficulties. Additive or synergistic effects of co-infection have been observed most consistently in the domains of motor, executive function, and learning, with less involvement of core language (e.g., comprehension, reception, repetition), and memory retention abilities (10–14). While mechanisms underlying more neurocognitive difficulties remain unclear, preliminary evidence points toward HCV-associated liver dysfunction as an important contributing factor, particularly in the context of poorly controlled HIV (13, 14). Clifford et al. (11) reported no difference in neurocognitive profiles of HIV-HCV co-infected compared to HIV mono-infected individuals with stable HIV suppression. However, other studies report higher levels of activated CD4+ and CD8+ T cells (15), immune activation (16), and T cell exhaustion (15, 17) in co-infected individuals on stable ART. Additionally, Fabiani et al. (18) reported a significant association between global neurocognitive status and plasma levels of HCV-RNA in co-infected individuals who were receiving suppressive ART. These results suggest that HIV treatment alone does not prevent the development of neurocognitive complications, but longitudinal studies are needed to tease apart neurocognitive profiles of HIV presenting with or without comorbid HCV.

Few studies have examined neurocognitive profiles of co-infected individuals before and after the initiation of suppressive ART. To date, most studies have been cross-sectional in nature and comprised of participants with variable degrees of ART adherence and HIV viral suppression. Additionally, prior work has relied on traditional analytic methods that assume similar rates of neurocognitive sequelae across all co-infected individuals, rather than specific risk subgroups. Analytic methods such as group-based trajectory analysis [GBTA (19)] are sensitive to latent risk phenotypes that differ according to specific underlying mechanisms and have potential to inform novel therapeutic strategies to manage neurocognitive symptoms in this population.

In this study we used multivariate analysis of variance (MANOVA) tests to examine baseline differences on neurocognitive performance (per domain) between the three groups (HIV-HCV, HIV+, and HIV–) at their baseline assessment. Next, we conducted a repeated measures analysis of variance (RM-ANOVA) using data from weeks 0, 24, 48, and 72 within the HIV-HCV group to examine differences in neurocognitive testing performance over time and as a function of treatment arm (i.e., raltegravir vs. efavirenz). Finally, we conducted an exploratory group-based trajectory analysis within the HIV co-infected group to test for latent class groups of individuals following similar neurocognitive trajectories over time and agnostic to treatment arm. We then examined whether belonging to specific neurocognitive latent class trajectories differed in relation to treatment arm, liver function, or HIV disease indices. We hypothesized that viral, immune, and liver indices would predict neurocognitive performance at baseline (pre-ART) and differentiate individual neurocognitive trajectories from baseline through week 72 post-ART.



MATERIALS AND METHODS


Statement of Ethics

The study was approved by the ethics committees of the Vietnam Ministry of Health, the Hospital for Tropical Diseases (HTD) in Ho Chi Minh City (HCMC), University of Hawaii at Manoa in the U.S., and the Oxford University Tropical Research Ethics Committee in the U.K.



Study Participants

160 PLWH (80 with HIV-HCV co-infection) were recruited from the Hospital for Tropical Diseases in Ho Chi Minh City. All participants with HIV reported no history of ART. The HIV-HCV co-infected participants were enrolled in a phase IV randomized, controlled trial comparing raltegravir- vs. efavirenz-based ART on clinical outcomes over 72 weeks (ClinicalTrials.gov Identifier: NCT01147107). Inclusion criteria included: (1) age 18–65; (2) education level > 6 years; (3) able and willing to provide written informed consent; (4) laboratory confirmed HIV; (5) no prior use of ART; and (6) eligible to initiate ART based on guidelines from the Vietnam Ministry of Health during study enrollment from 2014 to 2016 (i.e., CD4+ T cell count <350 and/or WHO stage III or IV).

Additional inclusion criteria for HIV-HCV co-infected participants included detectable serum HCV RNA, serum aspartate aminotransferase (AST), alanine aminotransferase (ALT) ≤80 U/L, and creatinine clearance ≥60 mL/min. Exclusion criteria included: (1) history of anti-viral treatment for HIV or HCV; (2) positive hepatitis B surface antigen; (3) clinical evidence of de-compensated cirrhosis (e.g., ascites, encephalopathy, esophageal bleeding); (4) history of AIDS-defining illness within the preceding 2 weeks from study entry; and/or (5) possible pregnancy or intent to breastfeed during the study period.

Demographically similar healthy controls (n = 80) were recruited from the surrounding community. Inclusion and exclusion criteria were similar between the control group and the two HIV-infected groups, with the exception of HIV and HCV seronegative status. Study participants provided written informed consent following a thorough explanation of study procedures.



HIV Treatment

Following the baseline evaluation, HIV-HCV co-infected participants were randomized to initiate de novo ART comprised of emtricitabine and tenofovir combined with either raltegravir (n = 39) or efavirenz (n = 41). The primary endpoint for the clinical trial was the frequency of AST or ALT toxicities grade >2. The secondary endpoints were HIV RNA <150 copies/mL, change in CD4+ counts, time to AIDS or death, and neurocognitive function. Preliminary analyses over 72 weeks revealed higher rates of hepatotoxicity and a higher number of total adverse events in the efavirenz arm compared to raltegravir arm, but HIV viral suppression was similar in both groups (20).



Neurocognitive Assessment

Neurocognitive evaluations were completed at baseline for all three groups and at follow-up for the HIV-HCV co-infected participants. The test battery was selected based on sensitivity to both HIV and HCV mono-infection as described in prior studies (10, 14, 21), Prior to enrollment, the neurocognitive tests were reviewed for cultural relevance by a consensus panel comprised of local stakeholders in Vietnam (e.g., hospital staff and study personnel) and US investigators. The panel recommended modifications to the verbal learning and memory test and lexical fluency. Modifications to the verbal learning and memory test included replacement of English words with Vietnamese words matched on content meaning, level of familiarity among the target population, degree of abstraction/concreteness, and phonological complexity. Lexical fluency was modified by replacing fluency for English letters (F, A, S) with fluency for first names.

The test battery included the following cognitive domains (see Supplementary Table 1): Psychomotor Speed: Color Trails 1 (22), and Digit-Symbol (23); Executive Function: Digit Span Backward, Color Trails 2 (22), Action Fluency (24), and fluency for first names (25); Learning and Memory: total recall on the learning and delayed trials of the Hopkins Verbal Learning Test-Revised [HVLT-R (26)], and Brief Visuospatial Memory Test-Revised [BVMT-R (27)]; Motor: Grooved Pegboard dominant and non-dominant hand (28) and gait measured vis-à-vis time to complete a 10-meter midline cross-over walk (29), averaged across three trials.

Alternate test forms were utilized when applicable. Performances on the neurocognitive tests were converted to standardized scores using regression-based norms developed from the uninfected group. Raw scores were utilized as dependent variables in the baseline multivariate analyses, and regression-based standardized scores were utilized to determine the frequency of clinically relevant impairment, defined as z below −1.0.



Mood Assessment

Participants completed the Beck Depression Scale-II [BDI-II (30)], which had been translated into Vietnamese in prior work (31). Total score served as the dependent variable.



Viral and Immunological Indices

CD4+ T cell count, HIV viral load, and HCV viral load (co-infected participants) were performed in real time at the HTD for the HIV-HCV subgroup.



Liver Function

Liver function testing was conducted for HIV-HCV co-infected participants. Dependent variables included serum levels of ALT, AST, alpha-fetoprotein (AFP), and transient liver elastography using FibroScan® (Fibrometer).



Statistical Analysis

Data were analyzed using IBM SPSS 26.0 (Armonk, New York), STATA 14.2 (College Station, Texas), and STATA plugin for estimating group-based trajectory models (32). Preliminary analyses examined missingness, presence of outliers, and non-normal distributions. Age, number of years of education, distribution of sex, and self-reported depression on the BDI-II were compared between the three groups to identify covariates for inclusion in the baseline analyses. Results revealed higher BDI-II scores among co-infected and HIV mono-infected participants compared to healthy controls and higher education among the control group compared to the HIV-infected participants. BDI-II scores were included as a covariate in all multivariate analyses. Education was included in the regression-based standardized scores.

Baseline neurocognitive performances were compared using a series of MANOVAs and MANCOVAs with group (HIV-HCV co-infected, HIV mono-infected, uninfected healthy controls) serving as the independent variable, neurocognitive performance on tests that were grouped by domain (see Table 1) as the dependent variables, and BDI-II total score as the covariate. ANOVA tests were used for univariate post-hoc comparisons, and False Discovery Rate [FDR (33)] was applied to adjust for multiple comparisons. The percentages of individuals in each group with neurocognitive test performance worse than −1.0 (z score) were compared using Chi Square test. All p-values were considered significant at 0.05 (two sided).


Table 1. Baseline demographic and clinical characteristics.
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Neurocognitive performances from weeks 0, 24, 48, and 72 were examined for the co-infected group using RM-ANOVA tests. Treatment arm served as the independent variable and z-scored neurocognitive test scores served as the dependent variable. GBTA (19) was used to explore the possibility of latent classes existing within the HIV-HCV subgroup who followed distinct neurocognitive trajectories across the 72-week observation period. The best fit trajectory group number and shape were determined using Bayesian Information Criterion (34). Posterior probabilities and odds ratios were used to assess overall model fit parameters (35) and are reported in Supplementary Materials. Group homogeneity was determined by minimum fit requirements of group average posterior probability >0.7 and odds of correct classification >4.0 (36). Individuals were assigned to the group for which posterior probability of membership was highest. Baseline disease variables, immune indices, ART regimen, liver function test results, demographic variables, and psychosocial factors were tested as possible predictors of latent class trajectory subgroups using multiple linear and logistic regressions.




RESULTS


Sample Characteristics

Demographic characteristics are provided in Table 1. Analyses of baseline demographic data revealed no differences in age or the proportion of males to females. As noted above, the HIV-infected groups reported a lower average number of years of education than the uninfected group (~1-year difference between groups). Significant differences were also observed on the BDI-II, with higher scores reported by co-infected and HIV mono-infected individuals compared to uninfected controls. As expected, co-infected individuals randomized to the raltegravir-based vs. efavirenz-based treatment arms did not differ on baseline levels of plasma HCV RNA, HIV RNA, CD4+ T cell count, AFP, ALT, AST, or Fibroscan (ps > 0.14, effect sizes < 0.02), but did differ on hepatotoxicity (see Supplementary Tables 2, 3).



Baseline Neurocognitive Comparisons

Neurocognitive test performances are summarized in Table 2. Results from the MANCOVA revealed a significant multivariate effect of group status for the motor domain (Wilks' Lambda = 0.92, F (6, 446) = 2.99, p < 0.01). Follow-up univariate analyses revealed a main effect on timed gait (p = 0.004), with significantly lower performance among the HIV-HCV co-infected (p = 0.006) and HIV mono-infected (p = 0.03) group compared to the uninfected controls. No other multivariate comparisons were statistically significant. Follow-up univariate analyses revealed a significant effect of group status on HVLT-R delay (p < 0.05). Post-hoc analyses using Tukey's test indicated that the HIV-HCV co-infected group performed more poorly than the uninfected controls (p = 0.03). Additionally, a main effect of group status was observed on Action Fluency (p < 0.01), with the HIV-HCV co-infected group achieving lower scores than the HIV mono-infected (p = 0.004) and the uninfected control group (p = 0.05). Supplementary Figures 1–4 provide boxplots of neurocognitive test raw scores by group.


Table 2. Baseline neurocognitive performance.
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At baseline, the rates of neurocognitive impairment in each domain (see Table 3) were as follows: Psychomotor: co-infected (9%), HIV mono-infected (8%), and uninfected controls (16%). Low performance on Color Trails 1 accounted for the higher rate of impairment among the healthy controls, but the maximum difference between these groups did not exceed one-half standard deviation. Executive Function: co-infected (20%), HIV mono-infected (16%), and uninfected controls (17%). Performance on Action Fluency differed most significantly by group (co-infected, mono-infected, controls: 30%, 10%, 16%, respectively). Learning and Memory: co-infected (19%), HIV mono-infected (21%), and uninfected controls (16%). Motor: co-infected (24%), HIV mono-infected (20%), and uninfected controls (10%).


Table 3. Baseline percentages of neurocognitive impairment by group.

[image: Table 3]



Longitudinal Analyses

All HIV-HCV participants achieved undetectable HIV status by week 48. Viral suppression was maintained from week 48 to week 72 with no treatment failures by treatment arm. As reported previously, individuals randomized to efavirenz-based ART exhibited a higher degree of hepatotoxicity and number of adverse events compared to individuals randomized to raltegravir-based ART, but virological suppression did not differ by treatment regimen (20). Results indicated that HCV RNA viral load values did not differ significantly over time between treatment arms (Supplementary Table 3). As seen in Supplementary Table 2, analyses revealed that liver functioning as measured by Fibroscan, AFP, and AST did not differ significantly over time as a function of treatment arm (RAL vs. EFV). In contrast, ALT values differed significantly over time as a function of treatment arm (p < 0.01, eta2 = 0.12). Specifically, participants in the RAL treatment group had lower (healthier) AST values over time compared to the EFV group. Additional analyses using RM-ANOVA with FDR showed no significant difference between treatment arm over time on depression scores or CD4+ T cell count.

Neurocognitive performances improved on all measures except Color Trails 1 (p = 0.06) and Digit Span Backwards (p = 0.77). The largest gain in performance occurred between weeks 0 and 48. Repeated measures analyses revealed no significant effect of treatment arm and no interaction between treatment arm and time on any of the neurocognitive measures (Table 4). The frequency of neurocognitive impairment at week 72 was significantly lower than the frequency of impairment at baseline. Rates of impairment at week 72 were as follows for the HIV-HCV co-infected group: Psychomotor (7%), Executive Function (8%), Learning and Memory (3%), and Motor (9%). The rate of impairment at week 72 did not differ between treatment arms.


Table 4. Change in neurocognitive performance among HIV-HCV participants.
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GBTA modeled from enrollment to week 72 revealed that the best fitting models for all neurocognitive tests were obtained when using two latent trajectory groups for modeling (see Supplementary Tables 4–7). The 2-group latent class trajectories represent HIV-HCV participant clusters defined by higher vs. lower neurocognitive performance over time (minimum threshold requirement for group assignment ≥0.7 for posterior probability and/or ≥4.0 for odds ratio). Closer examination of the trajectories for each neurocognitive test revealed that, in general, both subgroups demonstrated improved performances over time (Figures 1–4). However, the low performing trajectory group remained impaired on the timed gait task at week 72 (Figure 4C). Results indicated that treatment status predicted latent class trajectories for a single neurocognitive test, Action Fluency. Participants in the RAL treatment arm were approximately four times as likely as participants in the EFV treatment arm to be in the low scoring latent trajectory, OR = 3.82, CI:1.3–11.4 (Figure 2C). Baseline demographic variables (i.e., age, sex, or education) were unrelated to trajectory subgroups on any of the individual neurocognitive tests. Regression analyses revealed that baseline lower plasma CD4+ T cell count and plasma viral load predicted membership in the low trajectory group on the timed gait task (variables examined included those listed in Table 1).


[image: Figure 1]
FIGURE 1. Psychomotor trajectory groups. Solid lines represent estimated trajectories, dot symbols are observed group means at each assessment wave, and dashed lines are 95% pointwise confidence intervals on the estimated trajectories. (A) WAIS-III Digit Symbol and (B) Color Trails 1.
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FIGURE 2. Executive Function trajectory subgroups, Solid lines represent estimated trajectories, dot symbols are observed group means at each assessment wave, and dashed lines are 95% pointwise confidence intervals on the estimated trajectories. (A) WAIS-III Digits Backward; (B) Color Trails 2; (C) Action Fluency; and (D) First Name Fluency.
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FIGURE 3. Learning and memory trajectory groups. Solid lines represent estimated trajectories, dot symbols are observed group means at each assessment wave, and dashed lines are 95% pointwise confidence intervals on the estimated trajectories. (A) HVLT-R Learning; (B) HVLT-R Delay; (C) BVMT-R Learning; and (D) BVMT-R Delay.



[image: Figure 4]
FIGURE 4. Motor Trajectory subgroups, Solid lines represent estimated trajectories, dot symbols are observed group means at each assessment wave, and dashed lines are 95% pointwise confidence intervals on the estimated trajectories. (A) Grooved Pegboard Dominant Hand, (B) Grooved Pegboard Non-Dominant Hand; and (C) Timed Gait.





DISCUSSION

Our study is the first prospective, multi-dimensional investigation of neurocognitive outcomes among PLWH with co-occurring HCV infection before and after de novo ART. Consistent with prior studies (37–39), HIV-HCV co-infected individuals exhibited worse neurocognitive performance at baseline compared to HIV mono-infected individuals and healthy uninfected controls. Additionally, a larger proportion of co-infected individuals met clinical criteria for neurocognitive impairment prior to ART use. Neurocognitive performance improved within 48 weeks of ART onset, but latent trajectory analyses identified a subgroup of HIV-HCV co-infected individuals who demonstrated persistent impairment in the motor domain. Results of this study emphasize the need to investigate variability that exists within groups as a path toward discovery of driving mechanisms. In this study, we utilized group-based trajectory modeling to identify latent phenotypes of higher vs. lower neurocognitive performance. This approach revealed clusters of individuals that were predicted at baseline by differences in CD4+ T cell count and HIV viral load.

Cross-sectional studies report increased severity of neurocognitive complications among PLWH with co-occurring HCV infection. Our study results align with previously reported outcomes in that significant neurocognitive sequelae are prevalent with HIV-HCV co-infection. HCV may potentiate viral-host mechanisms (e.g., monocyte/macrophage activation) of HIV before and after ART initiation. The increased impact of HIV co-infection on brain systems may explain the prevalence of chronic health complications (e.g., frailty) reported in HCV co-infected PLWH receiving ART despite achieving sustained HIV viral suppression (40, 41). Baseline comparisons revealed more severe and clinically relevant neurocognitive symptoms among individuals with co-infection. After controlling for depressive symptoms, PLWH with co-occurring HCV infection exhibited worse performance on measures of motor function and select measures of executive function.

Longitudinal analyses revealed significant gains in neurocognitive performance over 72 weeks of effective ART, with the largest gains observed in the first 48 weeks. The magnitude of change exceeded chance and the slope of improvement exceeded the window in which practice effects from repeat testing are most pronounced. Critically, the magnitude of change in neurocognitive performance was clinically meaningful, as the rate of neurocognitive impairment at week 72 was <10% for each neurocognitive domain. These results confirm hypotheses from prior cross-sectional work (11) suggesting that brain dysfunction associated with co-infection is manifest in the setting of uncontrolled HIV viremia.

Latent models identified distinct neurocognitive phenotypes (higher vs. lower cognitive performance subgroups) that followed and maintained separate trajectories throughout the course of this study. To our knowledge, this is the first study application of latent trajectory modeling to identify subgroups of HIV-HCV co-infection. Results from the GBTA revealed three important findings. First, while the subgroups differed on the degree of neurocognitive complications, both clusters followed a positive trajectory after ART, consistent with improved performance in most domains. Second, baseline neurocognitive status was predictive of trajectory subgroup designation. That is, the low trajectory group demonstrated worse baseline neurocognitive performance. Similar results have been described in prior studies of HIV mono-infection before and after the start of suppressive ART (42). Finally, more than one-third of the co-infected group exhibited persistent impairment in motor function despite otherwise successful ART.

The impaired motor performance among individuals with higher HIV viral load and lower plasma CD4+ T cell count at baseline may reflect an early signature of chronic brain dysfunction in co-infected individuals. HCV co-infection is a known predictor of frailty in PLWH receiving suppressive ART (10, 40, 42, 43). Our recent work using machine learning and multi-modal neuroimaging identified evidence of visuomotor dysfunction among PLWH who met clinical criteria for frailty (44). Additional work is needed to define putative causal pathways between HCV co-infection, motor impairment, and frailty in PLWH. Additionally, interventions aimed at supporting motor function at the time of HIV treatment onset may improve long-term clinical outcomes in HIV-HCV co-infected adults.

Results reported in this study represent the first prospective investigation of neurocognitive performance before and after de novo ART in a large sample of HIV-HCV co-infected individuals. Additional strengths of the current study include the use of data driven algorithms to examine neurocognitive performance adjusted for demographic variables relevant to the local population. This approach overcomes the limitations of traditional methods that require large samples to stratify data based on assumptions as to how specific factors (e.g., sex, age) impact neurocognitive status. Regression-based norms utilize a quantitative approach to adjust neurocognitive performances for psychosocial factors, which provides a more accurate estimate of brain structure and function. Additional strengths include the comprehensive approach to neurocognitive assessment and use of latent trajectory modeling. Limitations include the absence of comparison groups for longitudinal analysis and the absence of neuroimaging. Additionally, our sample was predominately male, and therefore we did not have sufficient power to examine sex-related differences in outcomes. Longitudinal studies of HIV mono-infected, HCV mono-infected, and uninfected controls are needed, including investigations that incorporate multi-modal neuroimaging. Latent analytic models are encouraged to confirm the relevance of early and persistent motor dysfunction in adults with HIV-HCV co-infection.
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Despite widespread use of antiretroviral therapy (ART), HIV remains a major public health issue. Even with effective ART many infected individuals still suffer from the constellation of neurological symptoms now known as neuroHIV. These symptoms can be exacerbated by substance abuse, a common comorbidity among HIV-infected individuals. The mechanism(s) by which different types of drugs impact neuroHIV remains unclear, but all drugs of abuse increase central nervous system (CNS) dopamine and elevated dopamine increases HIV infection and inflammation in human myeloid cells including macrophages and microglia, the primary targets for HIV in the brain. Thus, drug-induced increases in CNS dopamine may be a common mechanism by which distinct addictive substances alter neuroHIV. Myeloid cells are generally infected by HIV strains that use the chemokine receptor CCR5 as a co-receptor, and our data indicate that in a subset of individuals, drug-induced levels of dopamine could interfere with the effectiveness of the CCR5 inhibitor Maraviroc. CCR5 can adopt distinct conformations that differentially regulate the efficiency of HIV entry and subsequent replication and using qPCR, flow cytometry, Western blotting and high content fluorescent imaging, we show that dopamine alters the expression of specific CCR5 conformations of CCR5 on the surface of human macrophages. These changes are not affected by association with lipid rafts, but do correlate with dopamine receptor gene expression levels, specifically higher levels of D1-like dopamine receptors. These data also demonstrate that dopamine increases HIV replication and alters CCR5 conformations in human microglia similarly to macrophages. These data support the importance of dopamine in the development of neuroHIV and indicate that dopamine signaling pathways should be examined as a target in antiretroviral therapies specifically tailored to HIV-infected drug abusers. Further, these studies show the potential immunomodulatory role of dopamine, suggesting changes in this neurotransmitter may also affect the progression of other diseases.
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Introduction

While antiretroviral therapy (ART) has been broadly successful, HIV infection remains a global health crisis and HIV-infected individuals are still vulnerable to a wide array of comorbid diseases. Among these are a collection of neurological sequelae, collectively known as neuroHIV, which remain prevalent in infected individuals (1–4). NeuroHIV can be altered and exacerbated by substance abuse (5–8), one of the most common comorbidities in the HIV-infected population (8–15). Substance abuse is associated with altered neuropathology, increased neuroinflammation, cognitive decline and increased neuropsychiatric comorbidities, even with effective ART (16–26). However, the mechanism(s) by which distinct substances of abuse exacerbate these symptoms are unclear. Therefore, delineating these mechanisms is critical to the development of therapies that ameliorate the impact of substance abuse on neuroHIV and other comorbid neuropathologies (27, 28).

Abused substances can dysregulate immune function and increase HIV replication in myeloid cells such as macrophages and microglia (17, 18, 29–31), the primary central nervous system (CNS) targets for HIV infection (32–35). Abused substances can influence CNS myeloid cells by acting directly through surface receptors such as TLR4 (36, 37), or by altering the release of neurotransmitters, immunomodulatory and cytotoxic factors to which myeloid cells could be exposed (38, 39). These effects are prominent in dopaminergic brain regions (40, 41), and in HIV-infected individuals, neuropathology, neuroinflammation and levels of viral replication are elevated in dopamine-rich regions relative to non-dopaminergic areas (35, 42, 43). Different classes of drugs have distinct mechanisms of action, but the use of all addictive substances induces the production of the neurotransmitter dopamine in the mesocorticolimbic system (44, 45). Commonly studied as a central component of the reward or motor pathways, increasing evidence indicates that dopamine also regulates immune function (46–51). Immune cells in the CNS and periphery express all five subtypes of dopamine receptors (DRD1, 2, 3, 4, 5) and other dopamine-related proteins, enabling dopamine to regulate a variety of immune functions in both homeostatic and pathological conditions (52, 53). Exposure to dopamine concentrations induced by substance abuse increases HIV replication by increasing the number of infected macrophages (54–56). Further, dopamine has been shown to alter a variety of other functions that differ by cell type but include modulation of cytokine and chemokine secretion, changes in phagocytic activity, proliferation and chemotaxis (50, 57–60).

Drug abuse is also associated with delayed viral suppression after ART initiation and increased frequency of drug resistance mutations in HIV-infected individuals (61–64). HIV-infected individuals with methamphetamine in their system show increased plasma virus loads only if they were receiving ART, suggesting that recent drug use and ART can interact (65). The mechanistic connection between substance abuse and the HIV progression is not clear, but one connection could be through changes in the HIV co-receptor CCR5. This chemokine receptor generally mediates the entry of HIV virions into myeloid cells such as macrophages or microglia (66, 67), and our prior data show that the impact of dopamine on HIV infection requires CCR5 (55). In addition, both methamphetamine and cocaine increase CCR5 expression in non-human primate (68, 69) and rodent models of substance abuse (70). Cocaine also produces place preference and locomotor activation that are reduced by the ART drug maraviroc (MVC), a CCR5 inhibitor (70). The promoter region of CCR5 has binding sites specific to dopamine-responsive transcription factors (71) and CCR5 deficiency in mice induces both a loss of dopaminergic neurons and microglial activation (72). These and other data indicate that CCR5 expression and function could be altered in HIV-infected substance abusers and suggest a bidirectional interaction between dopamine and CCR5 in the formation of drug-associated behaviors.

The CCR5 receptor exists in several durable, antigenically distinct subpopulations within the plasma membrane (73–75), each representing different physical conformations of CCR5. Changes in conformation regulate the accessibility or binding affinity of certain CCR5 regions to different ligands, altering processes such as receptor endocytosis, G-protein signaling and HIV entry (73, 74). Most of these conformational changes alter binding affinities for either the 2nd extracellular loop (ECL2) or N-terminal (NT) regions of the receptor. These domains are central to receptor interactions with both endogenous ligands (76) and the HIV envelope protein gp120 (77). The distinct conformational subpopulations of CCR5 differentially colocalize to lipid raft regions of the plasma membrane (75), which are important to receptor function (78). Critically, even small changes in CCR5 surface expression mediate distinct biological effects (79–82), so factors that alter the relative proportions of distinct CCR5 conformations could have an outsized biological impact. However, the stimuli mediating conformational shifts in CCR5 are not well understood. Our previous studies indicate that dopamine does not change the surface expression of the CCR5 conformation exposing the ECL2 region (ECL2 CCR5) (55), but in human THP-1 myeloid cells dopamine increases the surface expression of CCR5 exposing the NT region (NT CCR5) (83). This suggests drug-induced increases in dopamine could alter the expression, conformation and/or localization of CCR5 on myeloid cells, altering both the spread of HIV infection and therapeutics that specifically target the viral entry process.

To address this, we examined the impact of drug-induced dopamine levels on HIV infection and CCR5 expression and conformation in both human macrophages and microglia. Our data show that dopamine has bimodal effects on the CCR5 inhibitor Maraviroc on HIV infection in human monocyte-derived macrophages (hMDM), reducing its effectiveness in hMDM from some individuals and enhancing its effectiveness in others. Genetic analyses show that dopamine receptor expression significantly correlates with CCR5 expression in hMDM. Analysis of specific CCR5 conformations on the hMDM surface demonstrate that short term dopamine significantly increases the expression of the CCR5 conformation exposing the NT CCR5 region, and that more long term exposure to dopamine increases both NT and ECL2 CCR5. High-content imaging across hMDM populations indicates that dopamine can increase the number of individual cells expressing higher amounts of NT and ECL2 CCR5. Additionally, dopamine-mediated increases in both HIV infection and NT CCR5 expression were seen in iPSC-derived microglia and a human microglial cell line. These data demonstrate that dopamine levels induced by substance abuse increase HIV infection and can alter effectiveness of ART targeting CCR5, potentially through changes in the surface expression of different CCR5 conformations in multiple types of myeloid cells.



Methods


Reagents

RPMI-1640 and DMEM media, sodium pyruvate, trypsin, penicillin/streptomycin (P/S) and TrypLE were from Invitrogen (ThermoFisher, Carlsbad, CA, USA). Bovine serum albumin (BSA) and glycine were from Fisher Scientific (Waltham, MA, USA). Tween, dimethyl sulfoxide (DMSO), and hydroxyethyl piperazineethanesulfonic acid (HEPES) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Fetal calf serum (FBS) was from Corning (cat # MT35010CV) and human AB serum was from Gemini Bio-Products (cat # 100-512). Paraformaldehyde (16%) was from Electron Microscopy Sciences (cat # 50980488). Macrophage colony stimulating factor (M- CSF), IL-34, TGF-β1, and IL-10 were from Peprotech (Rocky Hill, NJ, USA). The CCR5 inhibitor, Maraviroc (cat #11580) was obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH. Maraviroc was diluted to a stock concentration of 10 mM in DMSO and stored at -80°C prior to use. Dopamine hydrochloride (DA), from Sigma-Aldrich, was resuspended in diH2O as a 10 mM stock and stored at -20°C prior to use. All dopamine treatments were performed in the dark using 10-6M dopamine, unless otherwise noted, as this is the concentration of dopamine to which CNS myeloid populations could be exposed to during the abuse of substances such as cocaine and methamphetamine (52). Dopamine can oxidize and form reactive oxygen species in vitro (84, 85), but our previous data show that the impact of dopamine on HIV infection of macrophages is not affected by dopamine oxidation (54).



Generation of Primary Macrophages From Human Donors

Human peripheral blood mononuclear cells (PBMC) were separated from blood obtained from de-identified healthy donors (New York Blood Center, Long Island City, NY, USA or the University of Pennsylvania Human Immunology Core, Philadelphia, PA, USA) by Ficoll-Paque (GE Healthcare, Piscataway, NJ, USA) gradient centrifugation. PBMC were isolated and matured into monocyte-derived macrophages (hMDM) using adherence isolation. Cells were cultured for 6-7 days in macrophage media (RPMI-1640 with 10% FBS, 5% human AB serum, 10 mM HEPES, 1% P/S, and 10 ng/mL M-CSF). Limited, de-identified demographic information obtained from the New York Blood Center and Penn for each donor, including age, gender, ethnicity, blood type and CMV status are found in Table 1. All data categories were not available for each donor, and medication, history of surgery, alcohol use and drug use status were not available. The entire data set of 88 donors was used to determine the relative expression of dopamine receptors, but not all demographic information was disclosed for every donor so not every donor was used for every correlation. Dopamine receptor expression from subsets of these donors have been previously published (50, 56) and this study examines all donors combined from previous studies as well as new donors used in this study. Our previous studies using hMDM indicated that a large data set was needed to examine correlations with dopamine receptors due to the variability inherent in primary human macrophages (50).


Table 1 | Demographic characteristics of donors (N=88).





Differentiation and Culture of Human iPSC-Derived Microglia

The inducible pluripotent stem-derived microglia (iMicroglia) were generated from common myeloid progenitors obtained from the Human Pluripotent Stem Cell Core at the Children’s Hospital of Philadelphia (CHOP). This process used a defined 11-day differentiation protocol that produces ramified cells that are susceptible to HIV infection and express the microglial markers CX3CR1, IBA1, TMEM119, and P2RY12, with very similar gene expression to human microglia (86). The cells used in this study were derived from the WT6 iPSC cell line. These cells were differentiated and maintained in 24 or 96 well Cellbind plates (Fisher Scientific) in RPMI-1640 supplemented with 1% FBS, 0.1% P/S, and the cytokines IL-34 (100 ng/mL), M-CSF (25 ng/mL), and TGF-β1 (50 ng/mL) at 37°C in a humidified incubator under 5% CO2. Cytokines were added fresh with each media change. The C06 human microglial cells (87) were a generous gift from David Alvarez-Carbonell and Jonathan Karn (Case Western University). These cells were maintained in 150-cm2 tissue culture flasks (Falcon) in DMEM supplemented with 5% FBS, 10 mM HEPES, 1% P/S, and 1% sodium pyruvate at 37°C in a humidified incubator under 5% CO2.



Viral Stocks

Viral stocks of HIVADA were generated by infecting CEM-SS cells with HIVADA, a blood-derived, R5-tropic strain of HIV (88). Cell-free supernatants were collected daily from 18 to 41 days post-infection, centrifuged to remove cell debris then aliquoted and stored at -80°C for use as viral stocks. Stock concentration was determined by quantifying the amount of HIV capsid protein p24Gag (p24) per mL using an HIV p24 (high sensitivity) AlphaLISA Detection kit (Perkin-Elmer, Waltham, MA).



Replication Assay

Human monocyte-derived macrophages (hMDM) cultured in Nunc™ MicroWell™ 96-well optical-bottom plates (Thermo Fisher Scientific, Waltham, MA) at 24,000 cells per well were inoculated in triplicate with 0.5 ng/ml HIVADA for 24 hours at 37°C. Inoculations were performed concurrently with treatment with either vehicle (DMSO), maraviroc, and/or dopamine (10-6M). After 24 hours, hMDM were washed and replaced with fresh macrophage media. Supernatants were collected from each well at 3 days post-inoculation. The iPSC-derived Microglia (iMicroglia) were cultured in black walled, 96-well Cellbind plates (Fisher Scientific, 0720196) at 50,000 cells per well. iMicroglia were inoculated in triplicate with 1 ng/ml HIVADA for 24 hours, concurrent with treatment with either vehicle (diH2O) or dopamine (10-6M). After 24 hours, cells were washed and cultured for 10 days, collecting supernatant and acquiring brightfield images at 10x with a Nikon Inverted Microscope Eclipse Ts2. The C06 microglial cells were cultured in 24-well plates (Fisher Scientific, 087721) at 2,500 cells per well. These cells were inoculated with 2.5 ng/ml HIVADA in triplicate concurrent with vehicle (diH2O) or dopamine (10-6M) treatment. Media was changed 48 hours post inoculation, and a fraction of the starting media was collected from each well every 24 hours starting at 48 hours post-inoculation. Viral replication in all cultures was determined by quantifying the concentration of p24 in the supernatant by AlphaLISA (Perkin-Elmer), as supernatant p24 directly corresponds to production of HIV virions.



Quantitative RT-PCR

Total RNA was extracted from cultured cells using Trizol (Invitrogen) or the RNeasy Mini Plus™ kit (Qiagen), and RNA quantity and purity were determined using a NanoDropOne spectrophotometer (Nanodrop Technologies). cDNA synthesis was performed on RNA (1 μg) using the high-capacity reverse transcriptase cDNA synthesis kit (Abcam). All dopamine receptor subtypes, CCR5, and 18s (housekeeping gene) were amplified from cDNA by quantitative PCR (qPCR) on a QuantStudio 7 using gene-specific primers. TaqMan Fast Universal Master Mix, and PCR assay probes for CCR5 (Hs99999149_s1), DRD1-5 (Hs00265245_s1, Hs00241436_m1, Hs00364455_m1, Hs00609526_m1, Hs00361234_s1), and 18s (4319413E) genes were purchased from Applied Biosystems (ThermoFisher, Waltham, MA, USA).



Flow Cytometry

Human monocyte-derived macrophages (hMDM) cultured in 6-well plates at 950,000 cells per well were treated for 1 hour or 48 hours with vehicle (diH2O), dopamine (10-6 M) or IL-10 (50 ng/mL) as a positive control (79). Following incubation, hMDM were gently detached from culture dishes using TrypLE Express (1X) for 30 minutes at 37°C and washed with FACS buffer (PBS supplemented with 1% BSA). Cells were incubated at room temperature for 10 min in Fc Block, then with live/dead stain (ThermoFisher, cat # L34957) for an additional 15 min at 4°C in the dark. Following incubation, cells were washed and stained with either 2D7 anti-human CCR5-PE (20 μL, BDB555993), 3A9 anti-human CCR5-PE (20 μL, BDB556042) or the isotype-matched control IgG2a-PE (20 μL, BD Biosciences, cat # 556653). These antibodies were titrated to determine optimal concentration for hMDM and have been used to study dopamine-mediated changes in surface CCR5 in myeloid cells (55, 83) and to compare ECL2 CCR5 with NT CCR5 (89). Staining was performed for 30 min in the dark at 4°C in a volume of 100 μL. After 30 min, cells were washed with FACS buffer, fixed with 500 μL 2% paraformaldehyde, filtered using BD FACS tubes with cell strainer caps (35 μm pores) and stored at 4°C protected from light. During data acquisition, doublets were excluded using forward scatter height (FSC-H) vs. forward scatter area (FSC-A) gating. Forward versus side scatter (FSC vs. SSC) was used to identify cells of interest based on size and granularity. Live-dead staining was used to exclude cell debris. Isotype controls defined background caused by nonspecific antibody binding, and percentage of CCR5 positive cells was based off of this background removal. Flow cytometric analysis of C06 cells at 1 hour was performed identically to hMDM, except that these cells were seeded in 6-well plates at 500,000 cells per well and experiments were performed 24 hours after plating. All samples were acquired on a BD LSRFortessa (BD Biosciences, Franklin Lakes, NJ). All data was analyzed using FlowJo Version 10.



Western Blot

Human monocyte-derived macrophages (hMDM) were cultured in 6-well plates at 950,000 cells per well and C06 cells were cultured in 6-well plates at 500,000 cells per well. All hMDM used in these experiments demonstrated IL-10-mediated increases in CCR5 surface expression by flow cytometry. Both hMDM and C06 cells were incubated with vehicle (H2O) or dopamine (10-6 M) for 1 hour, washed (1X PBS) and lysed with mammalian protein extraction reagent (M-PER, Thermo Fisher Scientific, Waltham, MA), containing 1% Halt Protease and Phosphatase Inhibitor cocktail and 1% EDTA (Thermo Fisher Scientific, Waltham, MA). Lysates were sonicated with a Q125 sonicator (Qsonica, Newtown, CT) at 25% power for 5 seconds and spun down at 13,000 RPM for 10 minutes at 4°C. Lysates were stored at 4°C for 1 – 7 days, then protein concentrations were quantified using a Bicinchoninic acid assay (BCA) using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Lysates were diluted to a concentration of 1 – 3 µg/µL and stored at -80°C until analyzed by Western blot.

Protein lysates were separated by gel electrophoresis on Bolt Bis-Tris Plus 10% precast gels in MOPS/SDS running buffer in a Mini gel tank (Life Technologies, Carlsbad CA). Separation was performed for 120 minutes at 150V, then protein was transferred to an Immobilon PVDF membrane (EMD Millipore, Temecula, CA) at 25V for 60 minutes. To generate an internal loading control, membrane was imaged after treatment with Revert Total Protein Stain (LI-COR Biosciences, Lincoln, NE) according to the manufacturer’s instructions. Total protein stain was then removed, membranes were blocked (5% BSA at room temperature for 1 hour) then incubated overnight at 4°C in anti-CCR5 antibody (AB1889, 1:1000 in 5% BSA, EMD Millipore). Following primary antibody incubation, blots were washed (TBS with 0.1% Tween), stained with anti-rabbit IgG HRP linked antibody (CST 7074, 1:3000 in 5% milk) and incubated at room temperature for 1 hour. After secondary incubation, blots were washed and incubated in Supersignal West Pico PLUS plus Chemiluminescent Substrate (2 mL, 30 sec, ThermoFisher, 34580). Blots were imaged using an Odyssey Fc Imaging System and analyzed using Image Studio Lite (Licor Biosciences, Lincoln, NE). Target bands were normalized to total protein stain, and then each condition was compared to the vehicle control to determine fold-change in expression.



Immunofluorescent Analysis of CCR5

Human monocyte-derived macrophages (hMDM) were cultured in Nunc™ MicroWell™ 96-well optical-bottom plates (Thermo Fisher Scientific, Waltham, MA) at 24,000 cells per well. All cells were treated with vehicle (H2O), IL-10, or 10-6M dopamine in triplicate for 1 hour. Following treatment, cells were fixed (4% PFA at room temperature for 10 minutes, 50980488, Fisher Scientific), then incubated with wheat germ agglutinin (10 µg/mL, 10 min, W32466, Thermo Fisher). The hMDM were incubated with blocking buffer (1% BSA, 0.1% Tween 20, and 22.52 mg/mL glycine in 1XPBS) for 30 minutes at room temperature. For analysis of CCR5 surface expression, cells were incubated with primary antibodies overnight at 4°C, using either 2D7 (ECL2) CCR5 antibody (BDB555991, Fisher Scientific) or primary 3A9 (NT) CCR5 antibody (BDB556041, Fisher Scientific) made in blocking buffer. Following primary incubation, hMDM were incubated with either Alexa Fluor 488 secondary antibody (A-11001, Fisher Scientific) or Alexa Fluor 546 secondary antibody (A-11003, Fisher Scientific) made in blocking buffer for 1 hour at room temperature. All cells were then stained with DAPI (D1306, Fisher Scientific) for 10 minutes. Images were acquired on the CellInsight CX7 High Content Screening Platform (CX7), an automated 7-channel confocal microscope. Ten fields per well were imaged using a 10x objective, and images were analyzed using HCS software.

For analysis of CCR5 colocalization with lipid rafts, hMDM were treated with vehicle (H2O) or 10-6M dopamine in triplicate for 1 hour, fixed and incubated with blocking buffer as just described, and then incubated with primary 2D7 (ECL2) CCR5 antibody or primary 3A9 (NT) CCR5 antibody, primary CD71 antibody (sc-32272, Santa Cruz Biotechnology Santa Cruz, CA), and anti-Flotillin-1 antibody (BDB610820, Fisher Scientific BDB610820). All primary antibody incubations were performed in blocking buffer overnight at 4°C. Following primary incubation, hMDM were washed and incubated for 1 hour at room temperature in either Alexa Fluor 568 secondary antibody (A-11004, Fisher Scientific A-11004), Alexa Fluor 488 secondary antibody, or Alexa Fluor 647 secondary antibody (A-21235, Fisher Scientific), made in blocking buffer. Cells were then stained with DAPI and imaged on the CX7. For each well, 100 field images were taken using a 40X objective at an exposure time of 0.1 seconds, and images were analyzed using HCS software. More detailed methodology for High Content imaging and analyses is included in the Supplemental Materials.



Statistical Analysis

To determine the appropriate statistical tests, all data sets were evaluated by analysis of skewness and evaluation of normality to determine the distribution of the data. Extreme data points presumed to be technical outliers were identified via ROUT test (Q = 0.1%) and removed from analysis. Post-hoc analyses were performed when appropriate. In studies analyzing gene expression, all statistical tests were performed on data normalized to 2-δCT to preserve variance. In all experiments using a positive control, changes in the positive control were not analyzed alongside the experimental condition. Therefore, while the effects mediated by the positive control IL-10 are shown on the same graph as dopamine-mediated changes, since the effects of IL-10 were analyzed separately, they are shown by the @ sign, rather than the * used to show significance in the analyses of dopamine-mediated changes. All data analysis was performed using GraphPad Prism 9.0 (Graphpad, La Jolla, CA). p < 0.05 was considered significant.




Results


Dopamine Alters Effectiveness of Maraviroc in HIV-Infected hMDM

Substances of abuse can decrease the effectiveness of antiretroviral drugs (65), including maraviroc (90), the only FDA approved antiretroviral drug that targets CCR5. To determine whether dopamine was associated with this effect, hMDM from 12 donors were inoculated with HIVADA (0.5 ng/mL) for 24 hours in the presence of vehicle (diH2O or DMSO), dopamine (10-6M), maraviroc (MVC) or MVC + dopamine (10-6M). MVC was used at 0.1 or 1 µM, based on approximate blood molarity from cmax plasma values resulting from commonly prescribed doses of MVC (150 or 300 mg/day) (91, 92). Supernatant from each infection was collected on day 3 and examined for the presence of p24 as a measure of viral replication. As expected, analysis showed variations in infection between individuals (93, 94), but also showed dopamine significantly increased HIV infection alone relative to the mean of vehicle-treated, HIV-infected cells, similar to our prior data (54–56) (Figure 1A). Individual donors are designated with a specific color throughout Figure 1, showing dopamine increased p24 levels in hMDM from 10 of the 12 donors examined. We also examined whether MVC successfully suppressed viral replication, and at both 0.1 µM (Figure 1B) and 1µM (Supplementary Figure 1A), MVC significantly decreased p24 levels relative to the mean of vehicle-treated, HIV-infected cells.




Figure 1 | Dopamine Alters Effectiveness of Maraviroc in HIV-infected hMDM. Primary human monocyte-derived macrophages (hMDM) from twelve donors were inoculated with HIVADA (0.5 ng/mL) for 24 hours in the presence of vehicle (diH2O or DMSO), a dopamine (10-6M) condition maraviroc (MVC) (0.1 µM) or MVC + dopamine (10-6M). Infections were maintained in culture for 3 days, at which point supernatants were collected and examined for levels of HIV replication (p24). Responses from each donor are designated with a specific color throughout. (A) When examining fold change in p24 levels relative to the mean of vehicle treatment, dopamine significantly increased HIV infection alone (Paired t-test, n = 12, *p = 0.0162, t=2.835, df=11). (B) When examining fold change in p24 levels relative to the mean of vehicle treatment, MVC also successfully suppressed viral replication at 0.1µM, in that MVC significantly decreased p24 levels relative to HIV alone (Paired t-test, n = 12, **p = 0.008, t=3.229, df=11). (C) When examining fold change in p24 levels relative to individual donor responses to MVC treatment alone, there was a bimodal response to dopamine in hMDM treated with 0.1 µM MVC. Compared to the p24 levels relative to the mean of MVC alone, five out of twelve donors (46.7%) showed a dopamine-mediated diminished response to MVC (Paired t-test, n = 5, *p = 0.0391, t=3.021, df=4), and five out of twelve donors (46.7%) showed a dopamine-mediated enhanced response to MVC (Paired t-test, n = 5, *p = 0.049, t=2.796, df=4). Two of the twelve donors (16.6%) showed no response to dopamine in respect to the efficacy of MVC.



To examine dopamine-mediated changes in the efficacy of MVC, we compared the mean day 3 p24 levels in HIV-infected hMDM treated with MVC to the p24 levels in HIV-infected hMDM treated with MVC and dopamine. Donors were defined as having a diminished or enhanced response to MVC if the addition of dopamine resulted in a greater than 10% change from the p24 level in the HIV+MVC condition. This analysis showed a bimodal response to dopamine in hMDM treated with 0.1 µM MVC (Figure 1C). hMDM from 5/12 (46.7%) donors showed a diminished response to MVC, with significantly higher levels of p24 in cultures treated with dopamine. Similarly, 5/12 (46.7%) showed an enhanced response to MVC, with relatively lower p24 levels in cultures treated with dopamine. In 2/12 donors (16.6%) dopamine did not alter the efficacy of MVC. Although not significant, similar results were obtained in the 1 µM MVC experiments (Supplementary Figure 1B). These data suggest that individual variations in the response to dopamine could alter the effectiveness of MVC, changing the efficacy of antiretroviral therapy in HIV-infected substance abusers.

As differences in dopamine receptor levels can contribute to donor-specific responses to dopamine (50), the donor responses to MVC and/or dopamine were compared to expression of all five subtypes of dopamine receptors (D1-like, DRD1 and DRD5; and D2-like, DRD2, 3, 4). These correlations were performed using expression of dopamine receptor transcripts by qPCR due to the lack of effective antibodies against human dopamine receptors and the inability of existing antibodies to differentiate between DRD1 and DRD5. These analyses showed no significant correlations between dopamine receptor expression and response to MVC. As age has also been shown to affect ART efficacy (95), the fold change response to dopamine and MVC was also compared to age. Although not statistically significant, the average age for the group that had a diminished response to MVC was 50.2, and the oldest donor (red dots) had the largest fold change increase in p24 levels relative to the MVC only condition. In the group that had an enhanced response to MVC, the average age was 42.8, and in this group the oldest donor had the smallest fold change decrease in p24 levels relative to the MVC only condition (yellow dots).



Expression of CCR5 Correlates With Dopamine Receptor Expression in hMDM

Both dopamine receptors and associated proteins play a role in regulating CCR5 expression in multiple cell types (83, 96). To more precisely define the connection between the effects of dopamine and maraviroc efficacy, we examined the relationship between dopamine receptors and CCR5, using the expression levels of CCR5 and all five subtypes of dopamine receptors on uninfected hMDM from a large group of donors (N = 88) with the available demographic details shown in Table 1. Not all demographic details were available for every donor, so the specific numbers of donors used for each analysis are noted in the table. Gene expression analysis confirmed our previous findings showing that hMDM can express mRNA for all five subtypes of dopamine receptors, with wide variation in expression levels between donors. DRD5 is the only receptor expressed on every donor, and was significantly greater than expression of DRD1 and D2-like receptors across all donors (Figure 2A).




Figure 2 | Expression of CCR5 correlates with dopamine receptor expression in hMDM. (A) Quantitative RT-PCR detected mRNA for all subtypes of dopamine receptors (D1R, D2R, D3R, D4R and D5R) in primary human monocyte-derived macrophages (hMDM) (N=88). Expression of all receptors was normalized to 18s for each donor. The D1-like receptors (red dots) were expressed at significantly higher levels than the D2-like receptors (blue dots) (Friedman test, n=88, Friedman statistic 233, ****p < 0.0001; Post-hoc with Dunn’s multiple comparisons, DRD5 vs. DRD1, DRD2, DRD3, or DRD4 ****p < 0.0001, DRD1 vs. DRD3 or DRD4, ****p < 0.0001, DRD2 vs. DRD3, ***p = 0.0003, and DRD2 vs. DRD4, ****p < 0.0001). Correlational analyses were then performed to look at correlations between each dopamine receptor and CCR5 mRNA expression (N=65). A matrix to visualize these correlations is shown in (B), and we found that increased expression of CCR5 is associated with greater expression of the D1-like receptors (CCR5 vs D1, n = 65, Spearman r = 0.4454, ***p = 0.0002, CCR5 vs D5, n = 65, Spearman r = 0.4448, ***p = 0.0002). Increased expression of CCR5 is also associated with decreased DRD3 expression (CCR5 vs D3, n = 65, Spearman r = -0.3007, *p = 0.0149), and no association was found between the other D2-like receptors and CCR5. A number of donors lacked expression of one or more dopamine receptors, so the data were reanalyzed for correlations between CCR5 and the (C) D1-like (DRD1 and DRD5) dopamine receptors. These analyses showed a positive correlation between CCR5 and D1-like receptors (CCR5 vs D1-like dopamine receptors, n = 65, Spearman r = 0.4370, ***p = 0.0003). The connection between D1-like receptors and CCR5 was strengthened by analysis of CCR5 levels in hMDM that did or did not express DRD1. These analyses showed hMDM without DRD1 had significantly lower levels of CCR5 mRNA than those expressing DRD1 (Mann-Whitney test, n = 17 - 48, *p = 0.0218, sum of (D1, No D1) ranks 1737, 408, U=255) (D). This was not done for DRD5 because all donors expressed this receptor. CCR5 levels were also correlated with a D1-like receptor/D2-like receptor ratio (D1/D2 ratio) (E), and we showed a significant, positive correlation between the D1/D2 ratio and CCR5 expression (CCR5 vs D1/D2-like dopamine receptors, n = 65, Spearman r = 0.2598, *p = 0.0366).



In the subset of donors for whom CCR5 expression data was available (N = 65), analyses showed a positive trend between CCR5 and age (Supplementary Figure 2A), corroborating other studies (97). The data also showed that females have greater CCR5 expression than males (Supplementary Figure 2B), which could be due to the modulation of CCR5 by sex hormones such as progesterone and estrogen (98, 99). And infection with cytomegalovirus (CMV), which is common in the adult population, can increase CCR5 expression (100), and the donors who were CMV+ had greater CCR5 expression compared to the donors that were CMV- (Supplementary Figure 2C).

This cohort was then used to generate a correlation matrix comparing expression between individual dopamine receptors and CCR5. There was a significant positive correlation between CCR5 and both DRD1 and DRD5 (Figure 2B), as well as a weaker, but still significant, negative correlation with CCR5 and DRD3 (Figure 2B). There were no correlations between expression of DRD2 or DRD4 and CCR5. To account for the lack of DRD3 and DRD4 expression in a number of donors, data were reanalyzed for correlations between CCR5 and either the D1-like (DRD1 and DRD5) or D2-like (DRD2, 3, 4) dopamine receptors. These analyses showed a positive correlation between CCR5 and D1-like receptors (Figure 2C) but no correlation between CCR5 and D2-like receptors (Supplementary Figure 2D).

These correlations were strengthened by examination of CCR5 expression in hMDM that did or did not express DRD1. hMDM without DRD1 showed significantly lower levels of CCR5 mRNA than those expressing DRD1 (Figure 2D). For D2-like dopamine receptors, there was no change in CCR5 expression in groups with or without DRD2 expression (Supplementary Figure 2E). Interestingly, hMDM not expressing either DRD3 or DRD4 had higher levels of CCR5 mRNA than those expressing either dopamine receptor (Supplementary Figures 2F, G). These analyses could not be performed for DRD5 because all donors expressed this receptor. These data suggest that both D1-like and D2-like receptors influence CCR5 expression, so CCR5 levels were correlated with a D1-like receptor/D2-like receptor ratio (D1/D2 ratio), generated by pooling the values for D1-like receptor expression and dividing them by the pooled values for D2-like expression from each donor, as has been done previously (101). Analysis showed a significant, positive correlation between the D1/D2 ratio and CCR5 expression (Figure 2E). Overall, these data indicate that CCR5 expression is significantly correlated with the expression of dopamine receptors, primarily D1-like receptors, on primary human macrophages.



Dopamine Alters the Proportion of CCR5 Conformations in hMDM

To determine whether activation of dopamine receptors influences CCR5 expression, hMDM were treated with vehicle (diH2O), dopamine (10-6 M), or IL-10 (50 ng/mL) for 1 hour and 48 hours. The 1 hour time point has previously been used to assess dopamine-mediated changes in CCR5 surface expression (83), and focuses on the HIV entry process, as we have previously published that dopamine increases entry at an early timepoint (55, 56). As the maraviroc experiments showed that dopamine also influences HIV replication after 3 days in hMDM, changes in CCR5 were also examined at 48 hours. Treatment with IL-10 (50 ng/mL) was used as a positive control, as this cytokine increases CCR5 expression in human monocytes, macrophages, and microglia (79, 102, 103). This use of a positive control in hMDM is similar to what we and others have published (50, 60, 104), as there is considerable variation in the hMDM inflammatory response to environmental stimuli (105–107). Therefore, donors in which IL-10 did not increase CCR5 at 1 hour were excluded from the analysis. After 1 hour or 48 hours, cells were examined by flow cytometry for changes in expression of different surface CCR5 conformations, ECL2 CCR5 or NT CCR5 (Figure 3A).




Figure 3 | Dopamine alters the proportion of CCR5 conformations in hMDM. Surface expression of 2D7 (ECL2) and 3A9 (NT) CCR5 as depicted in (A) (created with BioRender.com) was analyzed by flow cytometry after hMDM were treated with vehicle (diH2O), dopamine (10-6 M), or IL-10 (50 ng/mL) as a positive control (N= 10-11, donors are not the same for each analysis) for 1 hour (B). The separate statistical tests performed on the IL-10-treated samples are denoted by the use of the @ sign, rather than the * used to show significance in the analyses of dopamine-mediated changes. Fold change in CCR5 is relative to the mean of the vehicle. We found a significant increase in NT CCR5 but not ECL2 CCR5 following dopamine exposure (ECL2 CCR5, Paired t-tests, n = 11, Dopamine, p = 0.8776, t=0.1579, df=10; IL-10, @@@p = 0.0009, t=4.684, df=10; NT CCR5, Wilcoxon tests, n = 10, Dopamine, *p = 0.0273, sum of (+,-) ranks 49, -6, IL-10, @@p = 0.002, sum of (+,-) ranks 55, 0). (C) Gating strategy of hMDM by flow cytometry, and dot plot data from one representative donor, in that dopamine increases the percentage of surface NT CCR5 but not ECL2CCR5. (D) hMDM were also treated with vehicle (diH2O), dopamine (10-6 M), or IL-10 (50 ng/mL) as a positive control (N= 14, donors are not the same for each analysis) for 48 hours. We found a significant increase in ECL2 and NT CCR5 following dopamine exposure (ECL2 CCR5, Paired t-tests, n = 14, Dopamine, *p = 0.0296, t=2.444, df=13; IL-10, @@@@p < 0.0001, t=5.936, df=13; NT CCR5, Paired t-tests, n = 14, Dopamine, *p = 0.0491 t=2.170, df=13; IL-10, @@@@p < 0.0001, t=7.227, df=13). To determine whether dopamine affects N-terminal CCR5 in general, hMDM were treated with dopamine (10-6 M) for 1 hour and probed for CCR5. Pooled data showing fold change in hMDM from 7 donors relative to the vehicle condition is shown with CCR5 normalized to total protein stain, and dopamine significantly increased the expression of N-terminal CCR5 (E) (Paired t-test, n = 7, Dopamine, *p = 0.048, t=2.477, df=6). A representative blot is show in (F).



Flow cytometric analysis of the pooled CCR5 expression in dopamine-treated cells after 1 hour showed a small but significant (8.71%) increase in the percentage of surface NT CCR5, almost identical to that seen in response to IL-10 (8.63%). There was no significant increase in the expression of ECL2 CCR5 after 1 hour (Figure 3B). A representative dot plot for the 1 hour time point is shown in Figure 3C. In contrast to the effect observed at 1 hour, flow cytometric analysis demonstrated that dopamine significantly increased the percentage of both surface ECL2 (12%) and NT CCR5 (16%) at 48 hours (Figure 3D). Notably, when there was high baseline expression, neither dopamine nor the positive control showed robust increases in CCR5 (1-5% increase), while increases in NT CCR5 were much greater when baseline NT CCR5 expression was lower (Figure 3B). This indicates a potential ceiling effect for this assay, suggesting the effect could be greater than reported as the potential signal saturation limited the increase in some donors. These data demonstrate that dopamine increases surface CCR5 expression and may be a part of the mechanism by which dopamine increases early viral replication and interferes with the efficacy of maraviroc.

These data were corroborated by Western blotting using a different antibody that targets the entire N-terminal region and not just a specific N-terminal epitope. In these studies, hMDM from 7 donors were treated with vehicle (diH2O) or dopamine (10-6 M) for 1 hour and then examined for CCR5. Analyzing the pooled data from all donors showed a significant, 32% increase in CCR5 expression in cells treated with dopamine relative to vehicle (Figure 3E). Representative blots for two donors, normalized to total protein stain (TPS) are shown (Figure 3F, full blots in Supplementary Figure 3).

While these data indicate that dopamine increases the percentage of hMDM expressing CCR5 across a population, they do not define whether individual hMDM also express more surface CCR5. To examine this, hMDM from two donors were treated with vehicle or dopamine for 1 hour, with IL-10 again used as a positive control. After 1 hour, hMDM were fixed and stained for cell nuclei (DAPI), cell membranes [wheat germ agglutinin (WGA)] and either ECL2 or NT CCR5, then imaged using the CX7. Representative images are shown in Figure 4A and data from high-content immunofluorescent imaging were used to generate a frequency distribution, segregating the data from each cell into bins based on intensity, with a bin size of 100,000. To increase accessibility, these data were graphed as a histogram, representing the number of cells contained in each bin from each experimental condition (Figures 4B, C). To analyze these data, we determined the 95% confidence intervals for the total population in each set of conditions (either dopamine or IL-10). Then the number of individual cells above the 95% confidence interval - representing higher levels of surface CCR5 - were enumerated for each condition and compared using a chi-squared test. For the donor in 4B, IL-10 significantly increased the population of cells with higher levels of both ECL2 and NT CCR5, while dopamine only increased the number of cells with higher levels of NT CCR5. For the donor in 4C, IL-10 significantly increased the population of cells with higher levels of both ECL2 and NT CCR5, while surprisingly dopamine also increased the number of cells with high levels of ECL2 and NT CCR5. These data demonstrate that dopamine not only altered the total number of cells with different CCR5 conformations on the cell surface, but that dopamine specifically increased the amount of CCR5 on the cells expressing a particular conformation. These findings corroborate our flow cytometry and Western blot analyses and indicate that exposure to dopamine for 1 hour could significantly change the responses mediated by CCR5 across myeloid populations.




Figure 4 | Dopamine increases the proportion of hMDM with N-Terminal CCR5. (A) Representative images of immunocytochemical staining of hMDM with DAPI (blue), wheat germ agglutinin (WGA) (far red) and ECL2 or NT CCR5 (red). Images were acquired on the Cell Insight CX7 automated 7-channel confocal microscope, imaging ten fields per well using a 10x objective in a 96 well plate. CX7 data from two donors were then used to generate a frequency distribution, segregating the data from each cell into bins based on intensity, with a bin size of 100,000, and graphed as a histogram, representing the number of cells contained in each bin from each experimental condition (B) IL-10 significantly increased the population of cells with higher levels of both 2D7 and 3A9 CCR5, while dopamine only increased the number of cells with higher levels of 3A9 CCR5 (IL-10, 2D7, ****p < 0.0001, Chi-square = 114.6, df = 1, z = 10.71, 3A9, ****p < 0.0001, Chi-square = 128.5, df = 1, z = 11.34; Dopamine, 3A9, ****p < 0.0001, Chi-square = 373.1, df = 1, z = 19.31). (C) IL-10 significantly increased the population of cells with higher levels of both 2D7 and 3A9 CCR5, while surprisingly dopamine also increased the number of cells with high levels of 2D7 and 3A9 CCR5 (IL-10, 2D7, **p < 0.01, Chi-square = 9.128, df = 1, z = 3.021, 3A9, ****p < 0.0001, Chi-square = 49.83, df = 1, z = 7.059; Dopamine, 2D7, **p < 0.01, Chi-square = 8.535, df = 1, z = 2.921, 3A9, ****p < 0.0001, Chi-square = 108.6, df = 1, z = 10.42).





Dopamine Does Not Alter the Localization of Specific CCR5 Conformations Within the Plasma Membrane

Specific conformations of CCR5 preferentially localize to cholesterol-rich lipid raft microdomains within the plasma membrane (75), and in macrophages, lipid rafts are important for CCR5-mediated HIV viral entry, maintaining the conformational integrity and ligand binding activity of CCR5, and disruption of raft regions interferes with macrophage infection (108, 109). Substances of abuse can alter the translocation of receptors into lipid raft domains (110, 111) and lipid raft proteins, such as caveolin-1, can alter the function of the D1 dopamine receptor (112, 113). Therefore, high content imaging was used to assess the impact of dopamine on the localization of specific CCR5 conformations within lipid rafts in the hMDM plasma membrane.

hMDM were treated with either vehicle (diH2O) or dopamine (10-6M) for 1 hour, then fixed and stained for cell nuclei (DAPI), flotillin-1, CD71, and either ECL2 CCR5 or NT CCR5. Representative images of each stain are found in Figures 5A, B. Flotillin-1 and CD71 are expressed in lipid raft (114) or non-raft areas (115), respectively, and were used to differentiate lipid raft regions from non-raft regions. Changes in the colocalization of each CCR5 conformation with Flotillin-1 and CD71 were defined using Pearson’s correlation coefficient (PCC). Using PCC, correlation values above 0.3 indicate varying degrees of colocalization, while those below 0.3 indicate no colocalization. Colocalization between Flotillin-1 and CD71 was used as a positive control for accurate staining, as lipid raft and non-lipid raft should be detected as distinct regions within the macrophage membrane. To ensure the accuracy of these analyses, control studies were performed to show that dopamine treatment did not alter the expression of either CD71 or Flotillin-1, or the colocalization of these markers (Supplementary Figures 4A, B). In addition, PCC between Flotillin-1 and CD71 did not change with dopamine treatment, indicating no dopamine-mediated change in colocalization between these markers (Supplementary Figure 4C). Image analysis of CCR5 and lipid raft of non-raft PCC showed colocalization of both ECL2 CCR5 and NT CCR5 with Flotillin-1, indicating that both conformations of CCR5 are found in lipid rafts. Dopamine did not change the PCC of either NT CCR5 or ECL2 CCR5 relative to vehicle, and there was no difference between NT CCR5/Flotillin-1 colocalization and ECL2 CCR5/Flotillin-1 colocalization in either condition (Figure 5C). In contrast, PCC did not show colocalization between NT CCR5 and CD71, although this was shown for ECL2 CCR5. Dopamine also had no effect on colocalization (or not) with CD71 (Figure 5C). This corroborates prior studies showing distinct CCR5 conformations differentially concentrate in lipid rafts (75). Overall, these data indicate that distinct conformations of CCR5 segregate differently within the plasma membrane, but that dopamine does not appear to have any impact on this process at the time point examined.




Figure 5 | Dopamine does not alter the localization of specific CCR5 conformations within the plasma membrane. (A) Representative images of immunocytochemical staining of hMDM with CCR5 (red), the non-lipid raft marker CD71 (green), and the lipid raft marker flotillin-1 (purple), as well as overlay images of CCR5 and CD71 (orange), CCR5 and flotillin-1 (pink), and CD71 and flotillin-1 (blue). Images were acquired on the Cell Insight CX7 automated 7-channel confocal microscope, imaging 100 fields per well using a 40x objective in a 96-well plate. (B) Representative images of immunocytochemical staining of hMDM with DAPI (blue), 2D7 or 3A9 CCR5 (red), flotillin-1 (purple), and merged. (C) Quantitative analysis using Pearson’s correlation coefficient shows a positive correlation for 2D7 CCR5 and flotillin-1 as well as 2D7 CCR5 and CD71 in both vehicle-treated and dopamine-treated cultures ECL2 CCR5: Flotillin-1, vehicle PCC = 0.345, dopamine PCC = 0.369; ECL2 CCR5:CD71, vehicle PCC = 0.317, dopamine PCC = 0.328. In contrast, colocalization of NT CCR5 was only shown between NT CCR5 and Flotillin-1, with NT CCR5 showing no colocalization with CD71 (NT CCR5: Flotillin-1, vehicle PCC = 0.377, dopamine PCC = 0.376; NT CCR5:CD71, vehicle PCC = 0.277, dopamine PCC = 0.283).





Dopamine Increases HIV Replication and NT CCR5 in Human Microglia

The concentrations of dopamine induced by substance abuse are greatest in the CNS, where the major myeloid populations include microglia as well as several distinct types of macrophages (116, 117). Microglia express dopamine receptors and can respond to dopamine (118–120), therefore we examined whether dopamine affects HIV infection in microglia similarly to macrophages. To do this, we used iPSC-derived microglia (iMicroglia) with very similar gene expression to primary human microglia (86). iMicroglia were inoculated in triplicate with vehicle or HIVADA (1 ng/mL) treated concurrently with vehicle (diH2O) or dopamine (10-6M) for 24 hours, then washed and cultured until 10 days post-inoculation. Representative brightfield images show uninfected or HIV-infected iMicroglia at 7 days post infection, showing high levels of cell fusion in infected cultures relative to healthy ramified microglia in mock-infected cultures (Figure 6A). Analysis of supernatant p24 levels in iMicroglia indicates increasing viral replication over time. Levels of p24 in dopamine-treated cultures were significantly higher than those in vehicle-infected cultures at every time point examined, indicating that dopamine does increase HIV infection in microglia (Figure 6B). Analysis of dopamine receptor expression in this line of iMicroglia showed that these cells express the D1-like dopamine receptors, DRD1 and DRD5, but not D2-like receptors (Figure 6C).




Figure 6 | iMicroglia are infectable with HIV and dopamine increases HIV replication. iMicroglia were inoculated with 1 ng/mL of HIVADA or vehicle and concurrently treated with vehicle (diH2O) or dopamine (10-6M). (A) Representative brightfield images show uninfected or HIV-infected iMicroglia at 7 days post infection, showing high levels of cell fusion and giant cell formation in infected cultures relative to healthy ramified microglia in mock-infected cultures. (B) Analysis of supernatant p24 levels over 10 days post-infection in one iMicroglia line (WT6) shows increasing viral replication over time. The p24 levels in dopamine-treated cultures were significantly higher than those in HIV-infected cultures treated with vehicle at every time point examined, indicating that dopamine does increase HIV infection in microglia (multiple t-tests corrected for multiple comparisons using the Holm-Sidak method, Day 4, ****p < 0.0001, t=53.35, df=4, HIV SEM=241.73, HIV+DA SEM=51.5; Day 7, ****p < 0.0001, t=27.52, df=4, HIV SEM=287.37, HIV+DA SEM=3189.41; Day 10, **p = 0.002, t=7.07, df=4, HIV SEM=2294.24, HIV+DA SEM=17989.88). (C) Quantitative RT-PCR analysis of dopamine receptor expression in this line of iMicroglia (WT6) showed that these cells express the D1-like dopamine receptors, DRD1 and DRD5, but not D2-like receptors.



To examine whether dopamine-mediated changes in CCR5 in microglia are similar to macrophages, we chose to use a more tractable system, the C06 microglial cell line. These cells exhibit microglia-like morphology and express key microglial surface markers including CD11b, TGFβR, and P2RY12 (87). Gene expression analysis demonstrates that these cells also express dopamine receptors; DRD1, DRD5, and DRD2, and there is significantly higher expression of DRD2 compared to DRD1 and DRD5 (Figure 7A). Unlike hMDM and iMicroglia, C06 cells actively replicate, so they were infected with a range of concentrations of HIVADA (0.5, 1, 2.5, and 5 ng/ml) to define the optimal conditions for HIV infection in these cells. Cultures show an initial burst of replication followed by a steady level of replication over time, with significantly different levels of p24 production in response to different infection levels (Figure 7B). Differences in infection dynamics relative to hMDM and iMicroglia are likely due to the fact that these cells divide. Infection with 2.5 ng/ml HIVADA showed the widest assay window, so the C06 cells were inoculated with this concentration of HIV and concurrently treated with vehicle (diH2O) or dopamine (10-6M). Analysis of p24 concentrations in infections of 5 distinct passages of C06 cells shows that dopamine increased the amount of HIV infection in C06 microglia at two to five days post-infection compared to vehicle treatment, with 3 representative infections shown in Figure 7C. Analysis of different concentrations of dopamine (10-6M - 10-9M), show that only dopamine at 10-6M increases p24 levels (Supplementary Figure 5), unlike studies in hMDM showing an effect of dopamine at 10-8M and above (55).




Figure 7 | C06 human microglia are infectable with HIV and dopamine increases HIV replication. (A) Quantitative RT-PCR detected mRNA for DRD1, DRD2, and DRD5 in C06 cells (N=7), and DRD2 expression is higher compared to DRD1 and DRD5 (Kruskal-Wallis test, n = 7, **p = 0.0048, Dunn’s multiple comparisons test, DRD1 vs. DRD2, *p = 0.0331, DRD5 vs DRD2, *p=0.0175). (B) C06 cells were infected with a range of concentrations of HIVADA (0.5, 1, 2.5, and 5 ng/ml) for 5 days, and analysis of p24 levels shows significant changes in response to different infection levels at each day post-infection (rmANOVA, Day 2, ****p<0.0001, F (1.208, 2.417) = 2992, HIV 0.5 SEM=16.05, HIV 1 SEM=49.75, HIV 2.5 SEM=199.2 HIV 5 SEM=223.17; Day 3, ****p<0.0001, F (1.270, 2.539) = 2429, HIV 0.5 SEM=23.36, HIV 1 SEM=125.7, HIV 2.5 SEM= 241.63, HIV 5 SEM=171.17; Day 4, **p= 0.0031, F (1.024, 2.047) = 292, HIV 0.5 SEM=122.89, HIV 1 SEM=60.18, HIV 2.5 SEM=147.54, HIV 5 SEM=983.1; Day 5, ***p= 0.0004, F (1.052, 2.104) = 1825, HIV 0.5 SEM=42.66, HIV 1 SEM=52.72, HIV 2.5 SEM=31.0, HIV 5 SEM=417.7). (C) Representative p24 analysis in 3 C06 passages demonstrating increased HIV replication in dopamine-treated (10-6 M), HIV infected (HIVADA 2.5 ng/ml) cells compared to cells only infected with HIV (multiple t-tests corrected for multiple comparisons using the Holm-Sidak method, top infection: Day 2, ****p < 0.0001, t=13.47, df=4, HIV SEM=132.0, HIV + DA SEM=67.31; Day 3, ****p < 0.0001, t=26.19, df=4, HIV SEM=47.06, HIV + DA SEM=63.88; Day 4, ***p = 0.0018, t=7.355, df=4, HIV SEM=294.12, HIV + DA SEM=84.26; Day 5, ****p < 0.0001, t=18.51, df=4, HIV SEM=114.5, HIV + DA SEM=53.27; middle infection: Day 2, p > 0.05, HIV SEM=63.46, HIV + DA SEM=414.56; Day 3, ***p =0.0002, t=12.96, df=4, HIV SEM=89.97, HIV + DA SEM=137.34; Day 4, ****p < 0.0001, t=18.84, df=4, HIV SEM=17.89, HIV + DA SEM=64.83; Day 5, ****p < 0.0001, t=28.65, df=4, HIV SEM=37.37, HIV + DA SEM=36.39; bottom infection: Day 2, ***p=0.0002, t=12.95, df=4, HIV SEM=27.99, HIV + DA SEM=19.09; Day 3, ****p < 0.0001, t=26.98, df=4, HIV SEM=3.3, HIV + DA SEM=17.64; Day 4, **p = 0.009, t=4.743, df=4, HIV SEM=26.47, HIV + DA SEM=49.53; Day 5, ****p < 0.0001, t=18.35, df=4, HIV SEM=4.94, HIV + DA SEM=9.99). ns, not significant.



After demonstrating that dopamine increased HIV infection in C06 cells, we examined whether dopamine could alter CCR5 conformations, similar to hMDM. Pooled data from flow cytometric analyses of 5 passages of dopamine-treated microglia showed that dopamine significantly increased the percentage of surface NT CCR5 but not ECL2 CCR5 at 1 hour (Figure 8A). Similar data were seen by Western blot analysis using an antibody that targets the entire N-terminal region (Figure 8B, full blot in Supplementary Figure 3). Analysis of the pooled Western data show that dopamine increased NT CCR5 in 3 out of 4 passages, but this did not reach significance (Figure 8C). These data indicate that dopamine also increased HIV infection in microglia and that these effects may also be mediated by dopamine-induced changes in the surface conformation of CCR5.




Figure 8 | Dopamine increases NT CCR5 in C06 human microglia. (A) Change in CCR5 expression relative to the mean of vehicle-treated (diH2O) C06 cells demonstrates that dopamine increases NT but not ECL2 CCR5, similar to what we found in hMDM (N=5) (ECL2 CCR5, Paired t-test, n=5, Dopamine, p=0.1818, t=1.614, df=4; NT CCR5, Paired t-test, n=5, Dopamine, **p=0.0043, t=5.837, df=4). C06 cells were also treated with dopamine (10-6 M) for 1 hour and probed for pan NT CCR5. A representative blot is shown in (B). (C) Pooled data showing fold change in C06 cells from 4 passages relative to the vehicle condition is shown with CCR5 normalized to total protein stain. Although this did not reach significance (Paired t-test, n=4, Dopamine, p=0.2182, t=1.553, df=3), three out of four passages show an increase in NT CCR5 with dopamine relative to vehicle.






Discussion

Substance abuse is a major comorbidity in HIV infection, and rates of HIV infection among substance abusers are up to twenty-two times higher than in the general public (8–15). Greater disparities are seen among older adults, a significant portion of the infected population (121, 122). Substance abuse is a significant issue during HIV infection, as it substantively worsens clinical outcomes and accelerates systemic disease even in infected individuals on suppressive ART (17, 83, 123–132). This is also true in the CNS, where substance abuse can still promote neuroinflammation, altering the progression of neuropathology and increasing the risk of neuropsychiatric comorbidities and cognitive decline (16–26). Substance abuse likely mediates these effects by dysregulating immune function and increasing HIV replication in CNS myeloid cells such as macrophages and microglia (17, 18, 29–31, 133), which are primary drivers of HIV neuropathogenesis (32–35). Previous data from our lab shows that dopamine, which is increased by the use of all addictive substances, enhances both HIV infection and inflammatory cytokine production in primary human macrophages (50, 54–56, 60).

Infection of myeloid cells requires the chemokine receptor CCR5, and this receptor is also required for dopamine-mediated increases in HIV entry into these cells (55, 83). The interaction of HIV with CCR5 is mediated by the envelope protein, gp120, which generally binds to sites in the N-terminal (NT) and second extracellular loop (ECL2) regions of the receptor. Both gp120 and endogenous CCR5 ligands have different affinities for each region, meaning that binding affinity varies depending on the region(s) exposed and available for binding (134, 135). Binding site availability depends on receptor conformation, which is heterogeneous across the plasma membrane. This is why some antibodies to CCR5 more effectively inhibit chemokine binding and function (136), while others more successfully inhibit HIV infection (75). The associations between drug-related behaviors, dopamine and CCR5 (70) suggest dopamine-mediated shifts in the expression of distinct CCR5 conformations could alter the functions of this receptor. Thus, dopamine levels induced by substance abuse could, at least in part, promote the development of neuroHIV by increasing HIV entry and also by interfering with CCR5-targeted antiretroviral therapies such as the CCR5 inhibitor, maraviroc.

Maraviroc acts by blocking the interaction between CCR5 and gp120 through allosteric inhibition, stabilizing a CCR5 conformation inducing inefficient ligand binding at the ECL2 binding site (137). This allosteric inhibition is less effective at blocking binding activity that primarily targets the N-terminal region (138), resulting in diminished effectiveness of maraviroc against strains of HIV that have stronger interactions with the CCR5 N-terminus (139–141). This suggests that dopamine induced shifts in the expression of NT CCR5 would reduce maraviroc efficacy. Our data support this hypothesis, confirming that dopamine increases HIV infection in myeloid cells and alters the effectiveness of this inhibitor. Dopamine had multi-modal effects on maraviroc in hMDM from 12 donors, enhancing (5/12 donors), inhibiting (5/12 donors), or having no effect (2/12 donors) on maraviroc efficacy in these studies. When comparing the effect of dopamine on maraviroc efficacy to the effect of dopamine on infection, the hMDM in which dopamine reduced the efficacy of maraviroc showed an average of a 4.67-fold increase in p24 concentrations in response to dopamine alone. In contrast, the hMDM in which dopamine enhanced the efficacy of maraviroc only showed an average of a 1.48-fold increase in response to dopamine. The hMDM from donors in which dopamine did not increase p24 levels also showed that dopamine enhanced maraviroc efficacy. Thus, hMDM in which dopamine inhibited the effectiveness of maraviroc also had a much greater dopamine-mediated increase in HIV infection, suggesting that the mechanism by which dopamine increases HIV entry is connected to the impact of dopamine on maraviroc. This also suggests that dopamine responsiveness varies between donors, and that individuals with the greatest responsiveness to dopamine would also see the most detrimental effects of dopamine on maraviroc- mediated inhibition of HIV infection.

HIV entry and replication increase with CCR5 density (142), and CCR5 is necessary for dopamine to increase HIV entry (55), suggesting that dopamine-mediated changes in CCR5 are at least a part of the mechanism by which dopamine increases HIV infection. R5-tropic strains of HIV originating in the brain have increased affinity for CCR5 (143, 144), potentially due to increases in CCR5 binding efficiency mediated by additional atomic contacts at the gp120-NT CCR5 interface (145, 146). Thus, across a population, an increase in the number of hMDM expressing CCR5 would enhance viral spread. This hypothesis correlates well with our previous studies showing that dopamine increases the amount of HIV entry and replication by increasing the number of HIV-infected cells (54, 55). The data in this study further support this hypothesis, showing that populations of hMDM and microglia exposed to drug-induced dopamine levels have an increased number of cells expressing greater levels of CCR5 on the cell surface. An initial increase is observed in NT CCR5 and not ECL2 CCR5, corroborating previous findings (55, 83). In addition, dopamine treatment significantly increased expression of both conformations of CCR5 at 48 hours, with a greater increase in expression than observed at the 1 hour timepoint. This indicates that dopamine has a greater effect on multiple CCR5 populations over a longer period of time, potentially explaining the dopamine-mediated changes in HIV replication seen at 3 days.

It is important to note that changes in both NT and ECL2 CCR5 were observed at 1 hour using immunofluorescence assays and high throughput imaging, suggesting that the flow cytometry assays used were not sensitive enough to detect changes in ECL2 CCR5 at 1 hour. This could be due to the effects of dopamine affecting ECL2 CCR5 levels on a smaller number of macrophages. An additional consideration highlighted by the flow cytometry assays is that the effects of dopamine on CCR5 were not uniform across the population, increasing expression of NT CCR5 from 3 to 90% in hMDM derived from different individuals. On average, the significant increases in CCR5 were relatively modest, approximately 9% (NT CCR5) at 1 hour, and approximately 12% (ECL2 CCR5) and 16% (NT CCR5) at 48 hours. However, even small increases in surface CCR5 have been shown to have a robust functional impact. Both in vitro and in vivo studies show progression of HIV infection is heavily dependent on CCR5 expression, with increases in both CCR5 expression and the percentage of CCR5-expressing cells correlating with immune cell activation, plasma viremia, and disease progression (81, 82, 147). In HIV infection of human macrophages and microglia in vitro, 50 – 60% increases in surface CCR5 increased HIV entry by 588 – 985% (79), while increasing CCR5 expression approximately 300%, from 7 x 102 to 2 x 103 CCR5 molecules in a HeLa indicator cell line increased HIV infectivity titers more than three orders of magnitude (80). Similarly, decreasing surface CCR5 by approximately 20% reduces viral fusion and p24 production by 50 – 80% in primary human macrophages (148). These data and our previous studies have shown that the effect of dopamine varies widely between donors, but that on average, dopamine increases HIV entry and replication by between 100 – 200% (54–56) which is in line with the smaller increases in CCR5 observed in response to dopamine in these studies. Overall, this suggests that a) dopamine-mediated changes in CCR5 could be the mechanism by which dopamine increases HIV infection and b) if the variation in the impact of dopamine on myeloid susceptibility to HIV infection is connected to the dopaminergic impact on CCR5, it is likely to vary between individuals, similarly to the dopamine-mediated influence on maraviroc efficacy.

Our correlations suggest the dopamine-mediated changes in CCR5 are associated with expression of multiple types of dopamine receptors. The data show a positive correlation between D1-like receptors and CCR5 expression, and increased expression of CCR5 transcripts in hMDM with detectable DRD1 expression. There is also a negative correlation between CCR5 and expression of DRD3, and hMDM with no DRD3 or DRD4 show high levels of CCR5. This suggests that both the activity of D1-like receptors and the lack of activity of DRD3/DRD4 influence CCR5 expression and conformational rearrangements. This is supported by the larger increase in NT CCR5 expression in the C06 microglial cell line, which expresses DRD1 but no DRD3 or DRD4. This is also supported by studies indicating that D1-like dopamine receptors are the most prevalent subtype on macrophages, and that these receptors are likely the primary mediators of dopamine signaling in this cell type (56). In contrast to this hypothesis, others have shown that D1-like agonists reduce CCR5 expression in THP-1 cells, but these differences may be due to the distinct expression levels of dopamine receptors in this cell type, as they express high levels of DRD4 while hMDM and other myeloid cells do not (83). While many types of immune cells express dopamine receptors (52), the nature and the relative proportions of distinct CCR5 populations may vary in other cell types, meaning that the dopamine-mediated effects on HIV infection could be unique to myeloid cells (75, 149).

The specific mechanisms by which dopamine could induce changes in CCR5 conformation are not clear, but distinct CCR5 conformations preferentially localize to lipid rafts and are dependent on cholesterol in order to facilitate productive HIV infection (75, 150). Further, substances of abuse can increase the localization of GPCRs to lipid rafts (110, 151), suggesting dopamine might induce changes in the localization of specific CCR5 conformations. However, the data show that while NT CCR5 is preferentially localized to lipid rafts, this effect is not dependent on dopamine levels. Dopamine could also alter CCR5 conformation by mediating post-translational modifications, such as glycosylation, phosphorylation, or palmitoylation, as these have been shown to alter the HIV entry process and influence CCR5 binding to both chemokines (152–154). Dopamine also regulates the internalization and recycling of G-protein coupled receptors other than dopamine receptors (155), and different CCR5 conformations exhibit distinct sensitivities to endocytosis inhibition (74). Thus, dopamine could potentially promote changes in CCR5 internalization that alter the expression of CCR5 populations on the cell surface. Similarly, dopamine-mediated changes in CCR5 conformations could alter the proportion of cells coupling to different signaling pathways activated by this receptor, as there is select sensitivity of CCR5 conformations to different G proteins (156, 157). Our previous data show that D1-like dopamine receptors in macrophages act primarily through calcium release mediated by Gq/11 (56), which is also a major signaling mechanism for CCR5. Thus, crosstalk between D1-like receptors and CCR5 signaling is another possible mechanism for interaction between these receptor systems. This is important as CCR5 inhibitors, such as TAK-779 and maraviroc, have different affinities for CCR5 that depend on G protein coupling. Thus, dopamine-mediated changes in CCR5 that lead to differential G protein association could affect the potency and efficiency of these inhibitors in blocking gp120 binding (158).

There are a number of limitations that should be considered in regard to these data, many of which are associated with the inherent variability among primary immune cells from different donors (106, 107, 159). While this variability is expected, it often interferes with standard statistical analysis and necessitates larger n to properly evaluate results. The variance is likely due to genetic factors, as differences in infection levels (93, 160) and the response to dopamine are very high between donors, and in these studies maraviroc showed variable effectiveness across donors. It is possible that these differences could create experimental artifacts in some donors due to a smaller assay window. For example, in the flow cytometry data, donors with high baseline CCR5 showed less impact of dopamine or the positive control (IL-10) on CCR5 expression. Similarly, the effects of dopamine on maraviroc may have been more observable in donors with higher baseline infection due to the larger potential range of changes to infection, an artifact of the culture system in which there are only a limited number of cells to infect. Another caveat is that the hMDM in these studies only have a small amount of epidemiologic data associated with them, precluding analysis of a number of factors that differ between donors that may influence HIV infection or hMDM function. In particular, ongoing substance abuse or dopaminergic medications may influence dopamine levels in the periphery (161–163), potentially influencing expression or sensitivity of hMDM dopamine receptors. Thus, some of the inter-donor variability, as well as the lack of correlation in some analyses, may be attributed to changes in dopamine-responsiveness due to exogenous drugs or therapeutics.

Despite these caveats, we have previously published a consistent effect of dopamine on HIV infection of primary human macrophages derived from these sources (54–56). Further, the dopamine-mediated increases in HIV infection were also seen in the iPSC-derived microglia and C06 microglial cell line, and the C06 cells also showed the dopamine-mediated changes to CCR5. Taken with the need for a relatively large n, this suggests that while the effects we are observing are consistent, the magnitude is modest and can therefore be obscured due to donor variability and the detection limits of the assays. A final caveat regarding the use of primary cells is that many of the studies occurred sequentially using human blood that is de-identified and of limited supply, so it was not possible to perform all of the experiments in each donor. Future analyses based on these studies will be designed to better accommodate running all assays for a particular study in cells from each donor. Another technical caveat to consider is the capacity for CCR5 antibodies to detect different CCR5 conformations. Our data show a differential average surface expression of ~40% for the ECL2 CCR5 (2D7) vs. an ~80% average expression for the NT CCR5 (3A9). While these studies were performed using well-established antibodies validated for this type of assay, using only one CCR5 antibody might underestimate the total CCR5 cell surface expression level under certain conditions. Future studies investigating CCR5 should use multiple antibodies – although this will necessitate the generation of a large number of more effective antibodies – and should consider the existence of multiple conformations during analysis (74).

Overall, these data indicate that induction of an increased concentration of extracellular dopamine may be a common mechanism by which different classes of abused substances could drive neuroHIV. Dopamine-mediated increases in HIV entry may be driven by changes in the diversity of CCR5 populations on the surface of myeloid cells. In addition to increasing the general susceptibility to HIV infection, these changes may alter the effectiveness of the CCR5 inhibitor maraviroc. This demonstrates a critical need to better define the specific neurobiology driving neuroHIV in infected substance abusers, and to specifically evaluate the efficacy of ART drugs in this unique environment. To accommodate this, studies should consider targeting specific conformations of CCR5, or developing bivalent ligands, such as dual DR/CCR5 antagonists, that could block possible signaling pathways that promote HIV infectivity. These data also suggest novel therapeutic approaches for a variety of other pathologies, such as multiple sclerosis, atherosclerosis and several types of cancers, that may be impacted by dopamine-driven CCR5 expression. Future studies in this area will be facilitated through further examination of human primary macrophages with more detailed epidemiologic data, as well as through the use of iPSC-derived myeloid cells. These studies show for the first time that dopamine increases HIV infection in iMicroglia, and future studies using iMicroglia and iMacrophages will be extremely valuable as a more tractable platform in which to perform more complex molecular assays. Use of both macrophages and microglia is important because myeloid populations in the CNS are transcriptionally related (164), but microglia and macrophages are distinct cell types (165), and infection of both populations is central to the development of neuropathology (32–35, 166–170).

More broadly, these data further emphasize the role of dopamine as an immunomodulatory factor in a variety of pathological and homeostatic conditions. Many dopaminergic drugs are currently in use as treatment for a variety of disorders, and concentrations of dopamine induced by both substance abuse and these therapeutics have both subtle and robust effects on a wide array of immune functions. Thus, future therapeutic strategies based on development and repurposing of these drugs in order to manipulate dopaminergic immunology would likely be beneficial for not only neuroHIV but many diseases in which CCR5 plays a role. Returning to neuroHIV, these data highlight the critical need for studies that define more precisely the relationship between substance abuse and progression of neuroHIV. Further studies in this area are essential to the development of specific strategies, ART combinations and other targeted therapeutics that are efficient and effective at blocking the development of neuropathology specifically in the vulnerable population of HIV-infected substance abusers.
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Microglia, the resident brain phagocytes, likely play a key role in human immunodeficiency virus (HIV) infection of the central nervous system (CNS) and subsequent neuropathogenesis; however, the nature of the infection-induced changes that yield damaging CNS effects and the stimuli that provoke microglial activation remains elusive, especially in the current era of using antiretroviral (ARV) drugs for ARV therapy (ART). Altered microglial metabolism can modulate cellular functionality and pathogenicity in neurological disease. While HIV infection itself alters brain energy metabolism, the effect of ARV drugs, particularly those currently used in treatment, on metabolism is understudied. Dolutegravir (DTG) and emtricitabine (FTC) combination, together with tenofovir (TAF or TDF), is one of the recommended first line treatments for HIV. Despite the relatively good tolerability and safety profile of FTC, a nucleoside reverse transcriptase inhibitor, and DTG, an integrase inhibitor, adverse side effects have been reported and highlight a need to understand off-target effects of these medications. We hypothesized that similar to previous ART regimen drugs, DTG and FTC side effects involve mitochondrial dysfunction. To increase detection of ARV-induced mitochondrial effects, highly glycolytic HeLa epithelial cells were forced to rely on oxidative phosphorylation by substituting galactose for glucose in the growth media. We assessed ATP levels, resazurin oxidation-reduction (REDOX), and mitochondrial membrane potential following 24-hour exposure (to approximate effects of one dose equivalent) to DTG, FTC, and efavirenz (EFV, a known mitotoxic ARV drug). Further, since microglia support productive HIV infection, act as latent HIV cellular reservoirs, and when dysfunctional likely contribute to HIV-associated neurocognitive disorders, the experiments were repeated using BV2 microglial cells. In HeLa cells, FTC decreased mitochondrial REDOX activity, while DTG, similar to EFV, impaired both mitochondrial ATP generation and REDOX activity. In contrast to HeLa cells, DTG increased cellular ATP generation and mitochondrial REDOX activity in BV2 cells. Bioenergetic analysis revealed that DTG, FTC, and EFV elevated BV2 cell mitochondrial respiration. DTG and FTC exposure induced distinct mitochondrial functional changes in HeLa and BV2 cells. These findings suggest cell type-specific metabolic changes may contribute to the toxic side effects of these ARV drugs.
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Introduction

While antiretroviral therapy (ART) has led to tremendous reductions in morbidity and mortality associated with human immunodeficiency virus (HIV), antiretroviral (ARV) drugs are associated with a variety of peripheral and central adverse events (1, 2). Furthermore, as life expectancy for individuals living with HIV has increased, the long-term safety of ARV drugs has garnered increasing attention. Long-term complications continue to occur in HIV-infected individuals, despite the widespread use of ART, and can be related to the virus itself or to adverse effects of ARV drugs (3–5). The precise mechanisms of ARV toxicity are not fully understood, but in the case of efavirenz (EFV), we (6, 7), and others (8–12) have found effects on mitochondria.

Mitochondria, which produce energy for the cell via oxidative phosphorylation, have long been known to be affected by certain ARV drugs (13–16). In particular, the nucleoside reverse transcriptase inhibitors (NRTIs) affect mitochondrial function, and it has been proposed that NRTI mitochondrial toxicity may underlie the wide spectrum of clinical side effects caused by these agents (13). Similarly, neuro- and hepatotoxic effects of EFV are likely due to mitochondrial toxicity (6, 8, 11, 12, 17, 18). While EFV use is decreasing, it is important to understand if physiologically relevant concentrations of currently used ARV drugs affect mitochondrial functions. As dolutegravir (DTG) and emtricitabine (FTC, together with tenofovir (TAF or TDF)) combination is one of the first line treatments for HIV, these drugs were studied. While ARVs can affect many organs, the entry into the central nervous system (CNS) is frequently limited. DTG and FTC are both CNS penetrant, as is EFV, an ARV drug with known mitotoxic effects (19, 20).

Chronic neuroinflammation driven by glial activation is commonly implicated as a contributing factor to neurodegeneration and cognitive impairment in HIV-infected individuals (21, 22). Microglia, the CNS-resident macrophages, support productive HIV infection and likely play a major role in subsequent neurotoxicity (23, 24). Indeed, microglial activation during HIV infection is suggested to contribute to HIV-associated neurocognitive disorders (HAND) development. Modulation of microglial metabolism is increasingly recognized as a mechanism underlying activation of microglia in neurodegenerative diseases (24–26). HIV infection itself disturbs brain bioenergetics and metabolic disturbances in the CNS exist despite ART (27).

While all medications have potential side effects, it is important that these do not initiate or worsen any of the problems that HIV infection causes in the brain or elsewhere in the body. We hypothesized that similar to previous ART regimen drugs, DTG and FTC side effects involve mitochondrial dysfunction, and have the potential themselves to alter immunometabolism. The present study investigates changes in several metabolic parameters (ATP levels, resazurin oxidation-reduction (REDOX), mitochondrial membrane potential, and bioenergetics) in a non-CNS- and a CNS-derived cell line after treatment with DTG, FTC, or EFV. To increase detection of and ascribe the effects to ARV-induced mitochondrial toxicity, we employed the glucose-galactose assay. This assay, often utilized to preclinically screen for drug-induced mitochondrial dysfunction (28–30), involves culturing heavily glycolytic cells, such as HepG2 hepatoma and HeLa epithelial cells, in media where glucose has been replaced with galactose to force the cells to rely on mitochondrial oxidative phosphorylation for the production of ATP, increasing their sensitivity to mitotoxicants. Thus, HeLa cells were chosen for an initial screen for DTG- and FTC-induced mitochondrial changes, then upon identification of metabolic changes upon exposure to these ARV drugs additional experiments were performed in the well-used and characterized BV2 microglial cell line to uncover the relevance of these changes to immunometabolism. The ARV drugs were assessed separately to uncover the metabolic impact of each individual ARV drug, which is important as clinicians strive to use less toxic cART regimens.



Materials and Methods


Cell Culture

HeLa and BV2 cells were cultured in DMEM (Gibco, Gaithersburg, MD) containing 10% FBS (Corning, Corning, New York), 1% PEN/STR (Gibco), and 4 mM L-glutamine (Gibco) in a humidified incubator with 5% CO2 at 37°C. For Seahorse, cells were seeded at 15,000 cells/well in poly-D-lysine (PDL, Sigma, St. Louis, MO) coated 96-well microplates (Agilent Technologies, Santa Clara, CA). For ATP, AlamarBlue, and LDH, cells were seeded at 10,000 cells/well in PDL coated 96-well tissue culture plates. For LIVE/DEAD flow cytometry, cells were seeded at 150,000 cells/well in 12-well tissue culture plates. For JC-1 and TMRE flow cytometry, cells were seeded at 350,000 cells/well in 6-well tissue culture plates. HeLa cells were obtained from ATCC (Manassas, VA). BV2 cells were a kind gift from Dr. Shilpa Buch (University of Nebraska Medical Center), originally provided by Dr. Sanjay Maggirwar (George Washington University).



Antiretroviral Treatments

DTG was from BOC Sciences (Shirley, NY). FTC and EFV were from NIH AIDS Reagent Program, NIAID (Germantown, MD). Stock solutions were made in DMSO (Sigma) and stored at -20°C. ARV drugs were prepared in DMEM containing 3% FBS and 4 mM L-glutamine, with glucose and without glucose, supplemented with 10 mM galactose (Sigma). 24-hours after plating, cells were treated with DTG (43 and 4300 nM), FTC (441 and 44100 nM), or EFV (44 and 4400 nM) at concentrations consistent with reported CSF levels (20, 31, 32) and a 100x higher concentration (all wells contained 0.1% DMSO). 24-hours after ARV treatments, the cells were used for experiments. For the ATP, REDOX, and Cytotoxicity experiments: media alone, vehicle alone, and 2% Triton X-100 (Fisher Scientific, Hampton, NH) containing wells were included in each experiment; all treatments were done in six (media, Triton X-100, and ARV drug treatments) to twelve (vehicle control) technical replicate wells, represent readings from six to twelve wells of the same plate that were averaged to one value, with four to five biological replicates (cells plated on different plates that were derived from different batches).



ATP Measurements

ATP levels were measured using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI). Luminescence was measured using a Synergy HTX Multi-Mode Microplate Reader (BioTek, Winooski, VT). Percentage of vehicle control was calculated as follows: (experimental treatment – 2% Triton X-100)/(vehicle – 2% Triton X-100) x 100.



REDOX Measurements

Resazurin was used as an oxidation-reduction (REDOX) indicator (AlamarBlue Cell Viability Reagent, Invitrogen, Waltham, MA). Fluorescence at 560/15 nm and 590/20 nm was measured using a Synergy HTX Multi-Mode Microplate Reader. Percentage of vehicle control was calculated as follows: (experimental treatment – 2% Triton X-100)/(vehicle – 2% Triton X-100) x 100.



Cytotoxicity Detection

Cytotoxicity was measured using the Lactate Dehydrogenase (LDH) Cytotoxicity Detection Kit (Roche, Indianapolis, IN). Absorbance at 490 nM was measured using a Synergy HTX Multi-Mode Microplate Reader. LDH percent cytotoxicity was calculated as follows: (experimental treatment – media alone)/(2% Triton X-100 – media alone) x 100.



Cell Viability

Cell viability was determined using the LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit (Invitrogen). As a positive control, cells were heat shocked (agitated at 65°C for 5 minutes). The cells were analyzed on a BD LSR Fortessa X-50 Cell Analyzer (BD Biosciences, San Jose, CA) with UV excitation using the 427/25 emission filters.



Mitochondrial Membrane Potential

Mitochondrial membrane potential was measured using the MitoProbe JC-1 Assay Kit for Flow Cytometry (Invitrogen). As a positive control, cells were treated with 20 µM CCCP (Sigma) for 30 minutes. The cells were analyzed on a BD LSR Fortessa X-50 Cell Analyzer with 405 nm excitation using 586/15BP and 525/50BP emission filters (33). Additionally, the TMRE-Mitochondrial Membrane Potential Assay Kit (Abcam) was used. As a positive control, HeLa cells were treated with 20 µM FCCP (Abcam), while BV2 cells were treated with 10, 20, and 40 µM FCCP for 30 minutes. Cells were then treated with 400 nM TMRE for 30 minutes and analyzed using a BD LSR Fortessa X-50 Cell Analyzer with 488 nm excitation using 586/15BP emission filters, per manufacturer’s instruction.



Bioenergetics

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured at 37°C using the XFe96 Extracellular Flux analyzer (Agilent Technologies). 24-hours after ARV treatments, the cells were washed once with XF assay medium containing 4 mM L-glutamine and 25 mM glucose. Then XF assay medium containing ARV drugs was replaced and the cells were placed in a non-CO2 incubator at 37°C for 1-hour prior to the assay. Three baseline measurements of OCR and ECAR were recorded prior to sequential injection of oligomycin (O, 1 μM, ATP synthase complex inhibitor), carbonyl-cyanide-4-phenylhydrazone (FCCP, F, 300 nM, ATP synthesis uncoupler), rotenone (R, 2 μM, complex I inhibitor) and antimycin A (AA, 2 μM, complex III inhibitor). After completion of the assay, total protein was isolated from individual wells and quantified using a BCA Protein Assay Kit (Pierce Biotechnology, Waltham, MA). Each well was normalized to μg of protein. All treatments were done in six technical replicate wells, represent readings from six wells of the same microplate that were averaged to one value, with five biological replicates (cells plated on different microplates that were derived from different batches).



Statistical Analysis

ATP, Alamar, and LDH data were acquired in Gen5 software (BioTek) and processed in Microsoft Excel (Microsoft Corporation, Redmond, WA). Outlier exclusion was applied to data points (single wells) for each treatment using the Grubb’s test, at most one value (single well from the six to twelve technical replicates on an individual plate) was excluded for each test if identified as a significant outlier (Alpha = 0.05). Plate-median normalized data were grouped by treatment condition and exported to Prism software (version 6, GraphPad, San Diego, CA) for statistical analysis and plotting. LIVE/DEAD, JC-1, and TMRE data were acquired in BD FACSDiva software (version 8.0.2, BD Biosciences). For the JC-1 assay, fluorescence ratios of red to green were calculated using Excel, grouped by treatment condition, and exported to Prism for statistical analysis and plotting. Seahorse data were acquired in Wave software (version 2.2.0, Agilent Technologies) and exported to Excel for processing. Outlier exclusions were applied to data points for each treatment to identify within-plate (single wells) and between-plate variations using the Grubb’s test, at most one value (single well from the six to twelve technical replicates on an individual plate or the averaged value from one biological replicate) was excluded if identified as a significant outlier (Alpha = 0.05). Total protein normalized data were grouped by treatment condition and exported to Prism for statistical analysis and plotting.

Data were analyzed statistically using one-way (ATP, Alamar, LDH, JC-1, TMRE, and LIVE/DEAD assays) or two-way (Seahorse XF Cell Mito Stress Test assay) analysis of variance (ANOVA) and the Dunnett’s or Tukey’s multiple comparisons post-hoc test using Prism software (Graph Pad Software, La Jolla, CA). Statistical significance was defined as p < 0.05.




Results


Plasma-Relevant Concentrations of DTG and EFV Impair Mitochondrial ATP Production in HeLa Cells.

ATP was measured in HeLa cells after incubation with DTG, FTC, and EFV at CSF-relevant concentrations and a 100x higher concentration to approximate plasma-relevant concentrations for DTG and EFV (Table 1). Both glucose-containing and glucose-free (supplemented with galactose) media were used, the latter to ensure the highly glycolytic HeLa cells use mitochondrial oxidative phosphorylation. We found that plasma-relevant concentrations of DTG (4300 nM) and EFV (4400 nM) decreased ATP after 24-hours in glucose-free (Figure 1A), but not in glucose-containing (Figure 1B) media, suggesting that similar to EFV, DTG affects mitochondria.


Table 1 | Median ARV drug concentrations measured in the CSF and plasma of treated HIV patients.






Figure 1 | Lower mitochondrial ATP generation in HeLa cells treated with DTG and EFV. HeLa cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations in the absence (A) or presence (B) of glucose. The level of ATP is given as a percentage of vehicle-treated (0.1% DMSO) cells. Statistically significant compared to vehicle (p < 0.05*, 0.0001****). n=4.





Mitochondrial Membrane Potential Remains Unaltered in ARV Exposed HeLa Cells

To assess if mitochondrial ATP alterations upon exposure to DTG and EFV for 24-hours in glucose-free conditions coincide with mitochondrial membrane potential changes, the cells were incubated with the widely used cationic dye, JC-1. When mitochondria are well polarized, JC-1 aggregates in mitochondria fluorescing red. In mitochondria with low membrane potential, JC-1 remains in the monomeric form, which fluoresces green. No changes in mitochondrial membrane potential were observed (Figure 2). To confirm the JC-1 results, mitochondrial membrane potential was also assessed using the cell-permeant, cationic, red-orange fluorescent dye tetramethylrhodamine, ethyl ester (TMRE) that is readily sequestered by active mitochondria. Consistent with the JC-1 results, no changes in mitochondrial membrane potential were observed (Supplementary Figure S1).




Figure 2 | No alteration in HeLa cell mitochondrial membrane potential due to ARV treatment. HeLa cells were incubated with JC-1 dye following incubation with DTG, FTC, or EFV at the stated concentrations for 24 hours in the absence of glucose. Treatment with 20 µM CCCP for 30 min was used as a positive control for mitochondrial depolarization. (A) Representative flow cytometry plot showing JC-1 staining in media, and after treatment with CCCP, vehicle, and ARV drugs. (B) Graph showing fluorescence ratio of red to green for JC-1 staining. Statistically significant (p < 0.0001****). n=4.





Similar to EFV, DTG and FTC Alter Mitochondrial REDOX Activity in HeLa Cells

Upon accepting electrons from mitochondrial reductases and/or diaphorase-type enzymes or from non-mitochondrial cytosolic enzymes (34), the REDOX indicator Alamar Blue changes from the oxidized, non-fluorescent, blue state to the reduced, fluorescent, pink state. These studies were conducted in the absence (Figure 3A) and presence (Figure 3B) of glucose revealing that 24-hour treatment with CSF-relevant and 100x higher concentrations of DTG (43 and 4300 nM) and FTC (441 and 44100 nM), and plasma-relevant concentrations of EFV (4400 nM) impairs dye reduction in the absence of glucose, pointing to interruption of mitochondrial electron transport. The observed effects of DTG and FTC on ATP and REDOX in HeLa cells are not due to cell death, as no increase in LDH/cell death was uncovered; however, plasma-relevant EFV concentrations (4400 nM) did increase cell death in glucose-free media (Supplementary Figure S2). Cell viability, assessed by flow cytometry using LIVE/DEAD fluorescence, revealed no change in the percent of cells alive confirming the LDH results (Supplementary Figures S3, S4).




Figure 3 | Decreased mitochondrial REDOX in HeLa cells treated with DTG, FTC, and EFV. HeLa cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations in the absence (A) or presence (B) of glucose. The reduction of Alamar Blue is given as a percentage of vehicle-treated (0.1% DMSO) cells. Statistically significant compared to vehicle (p < 0.05*, 0.001***). n=4.





DTG and FTC Alter Cellular Metabolism in BV2 Cells in the Absence of Cell Death

In contrast to highly glycolytic HeLa cells, where mitochondrial alterations were uncovered in the absence of glucose, in BV2 cells, no ATP changes were uncovered in glucose-free media (Figure 4A). However, in glucose-containing media, plasma-relevant DTG concentrations (4300 nM) increased ATP and the 100x higher FTC concentration (44100 nM) decreased ATP (Figure 4B), suggesting glycolytic ATP production is altered. Interestingly, plasma-relevant DTG concentrations increased Alamar Blue fluorescence in the absence of glucose (Figure 4C) but not in the presence of glucose (Figure 4D), suggesting mitochondrial REDOX is elevated. Similar to HeLa cells, in BV2 cells the mitochondrial membrane potential remained unaltered in glucose-free (Figure 5 and Supplementary Figure S5) and glucose-containing (Figure 6 and Supplementary Figure S6) conditions. Of note, while the positive control (FCCP) yielded significant loss of TMRE fluorescence, characteristic of depolarization, in the HeLa cell experiments in glucose-free and in the BV2 cell experiments in glucose-containing conditions, this was not the case in the BV2 cell experiments in glucose-free conditions (despite titration of FCCP concentration). Rhodamine dye and its derivatives, such as TMRE, can be pumped out from cells by multidrug resistance proteins, and BV2 cells do express these proteins and depending on the cellular environment, retention of such dyes can be impaired in this cell line (35). Other reports of lack of spectral shifts in fluorescence of rhodamine derivatives in the presence of uncouplers have been observed (36). As such, JC-1 might be a more reliable indicator of mitochondrial membrane potential than TMRE for BV2 cells in glucose-free, galactose-containing conditions, similar to reports for other specific cell types and conditions (37). DTG, FTC, and EFV were not cytotoxic in BV2 cells as assessed by the LDH assay (Supplementary Figure S7) and flow cytometry LIVE/DEAD fluorescence (Supplementary Figures S8, S9).




Figure 4 | Altered glycolytic ATP levels and mitochondrial REDOX in BV2 cells treated with DTG and FTC. BV2 cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations in the absence (A, C) or presence (B, D) of glucose. The level of ATP (A, B) and reduction of Alamar Blue (C, D) are given as a percentage of vehicle-treated (0.1% DMSO) cells. Statistically significant compared to vehicle (p < 0.05*, 0.01**, 0.001***). n=5.






Figure 5 | No alteration in BV2 cell mitochondrial membrane potential due to ARV treatment in the absence of glucose. BV2 cells were incubated with JC-1 dye following incubation with DTG, FTC, or EFV at the stated concentrations for 24 hours in glucose-free media. Treatment with 20 µM CCCP for 30 min was used as a positive control for mitochondrial depolarization. (A) Representative flow cytometry plot showing JC-1 staining in media, and after treatment with CCCP, vehicle, and ARV drugs. (B) Graph showing fluorescence ratio of red to green for JC-1 staining.  Statistically significant (p < 0.05*, 0.01**). n=4.






Figure 6 | No alteration in BV2 cell mitochondrial membrane potential due to ARV treatment in the presence of glucose. BV2 cells were incubated with JC-1 dye following incubation with DTG, FTC, or EFV at the stated concentrations for 24 hours in glucose-containing media. Treatment with 20 µM CCCP for 30 min was used as a positive control for mitochondrial depolarization. (A) Representative flow cytometry plot showing JC-1 staining in media, and after treatment with CCCP, vehicle, and ARV drugs. (B) Graph showing fluorescence ratio of red to green for JC-1 staining. Statistically significant (p < 0.01**, 0.0001****). n=4.





Bioenergetic Alterations in BV2 Cells Due to ARV Drug Exposure

OCR (mitochondrial respiration) and ECAR (glycolysis) were measured after 24-hours of DTG, FTC, and EFV exposure in HeLa and BV2 cells using the Seahorse XFe96 Analyzer. Sequential additions of an ATP synthase inhibitor (O), ATP synthesis uncoupler (F), and mixture of complex I and III inhibitors (R/A) allowed determination of basal mitochondrial respiration, ATP production-linked rate, proton leakage, maximal mitochondrial respiration, spare respiratory capacity (SRC), and non-mitochondrial respiration. No significant alterations were uncovered in HeLa cells (Figure 7); however, the cells appear to shift towards becoming more glycolytic and less aerobic, particularly for both EFV and high DTG concentrations (Figure 7E). In contrast, in BV2 cells, maximal mitochondrial respiration was increased upon exposure to CSF-relevant DTG, FTC, and EFV, and the 100x higher FTC and EFV concentrations (Figures 8A, B). Further, mitochondrial SRC was elevated following exposure to the 100x higher FTC and EFV concentrations (Figure 8B). While no significant ECAR changes were uncovered (Figures 8C, D), the cells appear to become more energetic overall (more aerobic and glycolytic), particularly for both FTC and EFV concentrations (Figure 8E). The cell energy phenotype of HeLa and BV2 cells was determined by plotting ECAR (glycolysis) as a function of OCR (mitochondrial respiration) revealing that under baseline conditions both cell lines utilize both energy pathways; however, as compared to HeLa cells, we found that BV2 cells are less glycolytic and more aerobic (Supplementary Figure S10).




Figure 7 | HeLa cell bioenergetics remain intact after ARV treatment. HeLa cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations. (A) Graphical representation of the relative OCR responses over time expressed as a percent response from baseline (third measurement, before oligomycin injection); sequential additions are indicated as O (the ATP synthase inhibitor oligomycin, 1 μM), F (the ATP synthesis uncoupler FCCP, 300 nM), and R/A (a mixture of the complex I and III inhibitors rotenone and antimycin A, 2 μM each). (B) Mitochondrial respiratory parameters calculated from the OCR shown for basal mitochondrial respiration (baseline minus R/A), ATP linked respiration (baseline minus O), proton leak (O minus R/A), maximal mitochondrial respiration (F minus R/A), and SRC (F minus baseline). (C) Graphical representation of the relative ECAR responses over time. (D) Glycolytic rate parameters calculated from ECAR shown for basal glycolysis (baseline), maximal glycolysis (O), and glycolytic reserve (O minus baseline). (E) Plot of baseline ECAR and OCR levels. n=5.






Figure 8 | BV2 cell bioenergetics altered after ARV treatment. BV2 cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations. (A) Graphical representation of the relative OCR responses over time expressed as a percent response from baseline (third measurement, before oligomycin injection); sequential additions are indicated as O (the ATP synthase inhibitor oligomycin, 1 μM), F (the ATP synthesis uncoupler FCCP, 300 nM), and R/A (a mixture of the complex I and III inhibitors rotenone and antimycin A, 2 μM each). (B) Mitochondrial respiratory parameters calculated from the OCR shown for basal mitochondrial respiration (baseline minus R/A), ATP linked respiration (baseline minus O), proton leak (O minus R/A), maximal mitochondrial respiration (F minus R/A), and SRC (F minus baseline). (C) Graphical representation of the relative ECAR responses over time. (D) Glycolytic rate parameters calculated from ECAR shown for basal glycolysis (baseline), maximal glycolysis (O), and glycolytic reserve (O minus baseline). (E) Plot of baseline ECAR and OCR levels. (Statistically significant compared to vehicle (p < 0.05*, 0.01**, 0.001***, 0.0001****). n=5.






Discussion

Neurocognitive abnormalities continue to occur in HIV-infected individuals, despite the widespread use of cART (3–5). Neuropsychiatric symptoms, including depression and anxiety disorders, mood and sleep disorders, and suicidal ideation, are common in people living with HIV and may be associated with specific ARV drugs (1, 38–40). Fifty percent of those taking EFV experience neuropsychiatric adverse effects, including vivid dreams, dizziness, balance problems, unsteadiness, light-headedness, and suicidal ideation (9). The precise mechanisms of ARV toxicity are not fully understood, but in the case of EFV, we (6, 7), and others (8–10) have found effects on neuronal mitochondria. While EFV use is decreasing, there are other CNS-penetrant ARV drugs that are currently recommended, including DTG and FTC, that we studied herein.

DTG, a second-generation integrase inhibitor, is recommended as one of the preferred options for first-line HIV treatment in European and United States treatment guidelines. Recent reports from clinical practice of neuropsychiatric adverse events with integrase inhibitors (39, 41), and DTG in particular, have highlighted a need to understand the off-target effects of these medications and which individuals are at greatest risk, particularly as use of DTG is increased in patients. In fact, adverse CNS side effects of DTG are occurring more frequently with everyday use than clinical trials had predicted. The most frequent manifestations reported as leading to discontinuation were insomnia, dizziness, headache, anxiety, and depression (39, 41). These adverse effects are more likely to occur in women, people over 60, and those starting abacavir at the same time (41). While all medications have potential side effects, it is important that these do not initiate or worsen any of the problems that HIV infection has caused in the brain or elsewhere in the body. DTG is CNS penetrant, and known to reach effective concentrations in the CSF (20). As DTG is now a commonly used ARV option in naïve and pretreated patients, further research on its safety and neurotoxicity are needed. FTC is a NRTI with a relatively good tolerability and safety profile. However, nervous system side effects have been reported in FTC-containing cART, including headache, paresthesia, confusion, irritability, depression, and insomnia. While FTC and DTG (together with tenofovir – TDF or TAF, both non-CNS penetrant) combination is one of the recommended first line treatments for HIV, these drugs were studied individually to uncover if these drugs affect mitochondrial functions. Here, we used the glucose-galactose assay to investigate potential mitotoxic effects of DTG, FTC, and EFV in highly glycolytic HeLa cells, and upon identification of potential mitotoxicity of DTG and FTC, similar to EFV, using this screen, who chose a well-used and characterized microglial cell line, the BV2 cell line for additional experiments. We demonstrate that DTG, FTC, and EFV interfere with cellular metabolism in a cell-type specific manner, decreasing mitochondrial ATP (DTG and EFV) and mitochondrial REDOX (DTG, FTC, and EFV) in HeLa cells, but increasing glycolytic ATP (DTG) and mitochondrial REDOX (DTG) in BV2 cells. FTC was found to decrease glycolytic ATP in BV2 cells. Further, we discovered that these ARV drugs (DTG, FTC, and EFV) increased maximal mitochondrial respiration in BV2 cells.

Growing cell lines in the absence and presence of glucose in parallel to detect mitochondrial toxins is becoming more common in drug development screening activities (28–30, 42). For such glucose-galactose assays, highly glycolytic cells that are resistant to mitochondrial toxins under typical high-glucose culture conditions are typically used. Indeed, in HeLa cells, this assay uncovered reduced ATP only in glucose-free media upon ARV exposure, thus resulting from mitochondrial dysfunction. Plasma-relevant DTG concentrations caused an ~20% drop in mitochondrial ATP (Figure 1) in the absence of cell death, suggesting less essential ATP-consuming processes may be inhibited to preserve those more critical for cell survival. Studies show energy spared by reducing protein synthesis (25-30% of the cells ATP) can be allocated to more critical cell functions involved in osmotic and ionic homeostasis (43). Thus, future studies could interrogate the hierarchy of ATP-consuming processes in the context of ARV exposure to further characterize how the cellular metabolism is altered.

Despite ARV-induced decreases in mitochondrial ATP generation, mitochondrial membrane potential was unaltered (Figure 2 and Supplementary Figure S1). The mitochondrial electrochemical gradient, which drives mitochondrial ATP synthesis, is comprised of the mitochondrial membrane potential and pH (proton) gradient (37). Changes in the mitochondrial membrane potential do not always mirror alterations in the mitochondrial pH, since each of these contribute independently to the proton-motive force. Here, mitochondrial membrane potential was measured using JC-1, a cationic dye that measures the charge gradient across the inner mitochondrial membrane but cannot specifically measure the mitochondrial proton gradient or be used to make direct inferences regarding respiratory status. Similarly, experiments using another cationic dye TMRE, which accumulates in active mitochondria due to their relative negative charge, shares these same limitations. Although most studies focus on mitochondrial membrane potential as it is easily measured, previous studies on HIV Tat-induced hyperpolarization of the mitochondrial membrane was not associated with increased ATP as expected, but did coincide with decreased mitochondrial pH (thus decreasing ATP generating capacity) suggesting increased cytosolic calcium, not protonic charges, were responsible for the hyperpolarization (44–46). Of note, mitochondrial membrane potential and proton gradient can be maintained via ATP synthase reversal, which depletes ATP (47). Thus, future experiments could interrogate the role of the mitochondrial proton gradient and/or calcium homeostasis, as well as ATP synthase reversal, in ARV-induced mitotoxicity.

Concurrent with reduced mitochondrial ATP, CSF-relevant and the 100x higher concentrations of FTC, the CSF- and plasma-relevant concentrations of DTG, and the plasma-relevant concentrations of EFV, impaired mitochondrial REDOX in HeLa cells in glucose-free conditions (Figure 3), attributing the loss of Alamar Blue reduction mainly to mitochondrial enzymes and electron carriers. Again, while mitochondrial membrane potential remained unaltered (Figure 2 and Supplementary Figure S1), impairment of the mitochondrial membrane potential or the mitochondrial pH gradient can facilitate mitochondrial redox dysfunction. Heart studies have shown that the mitochondrial pH gradient restricts electron flow, controls superoxide generation, and results in a more reduced environment through imposed proton backpressure, while impairment of the mitochondrial pH gradient leads to a more oxidized environment (48). Thus, ARV-induced REDOX dysfunction (more oxidized Alamar Blue) may correlate with mitochondrial pH gradient impairment in the absence of mitochondrial membrane potential changes. While no changes in ECAR (glycolysis) or OCR (mitochondrial respiration) were uncovered in the HeLa cells (Figure 7), these experiments were performed with glucose present potentially masking the ARV-induced mitotoxic effects. Of note, the bioenergetic profile (Figure 7E) suggests that overall HeLa cells become more reliant on glycolysis when treated with DTG (plasma-relevant) and EFV (plasma- and CSF-relevant).

Dysfunctional microglia may contribute to HIV-associated cognitive disorder development, as well as neuropsychiatric adverse effects of ARV drugs (23, 24). While microglia rely on both glycolytic and mitochondrial metabolism depending on their activation state, microglial activation has been suggested to be associated with a metabolic switch in favor of glycolysis and decreased mitochondrial oxidative phosphorylation (25, 26). CSF-relevant DTG, FTC, and EFV concentrations did not affect ATP or REDOX in BV2 cells; however, these effects were only studied following 24-hour exposure to assess the effects of one dose equivalent (DTG, FTC, and EFV are usually taken once daily, while DTG can be taken twice daily). Patients would take these drugs daily throughout their lives, so future experiments should assess chronic exposure to CSF-relevant drug levels. Of note, CSF-relevant DTG, FTC, and EFV concentrations elevated maximal mitochondrial respiration in BV2 cells (Figure 8). Overall, the bioenergetic profile suggests BV2 cells become more energetic upon FTC and EFV exposure (Figure 8E). These findings suggest ARV exposure might metabolically reprogram the microglia towards a resting state (increased mitochondrial respiration), which could be beneficial during chronic neuroinflammation but might also inhibit acute neuroinflammatory responses.

While CSF-relevant concentrations of the ARV drugs may be applicable to studies on microglia, we note that a recent study in rhesus monkeys indicates that ARV drugs are found at concentrations ranging from 13 to 1,150-fold higher in brain tissue than in CSF (49). Thus, our higher concentrations may be quite appropriate for the brain, and the cells within the brain such as microglia. In addition, such higher concentrations are consistent with acute toxicity screens, including previous acute treatment studies on metabolic effects using relatively high ARV drug concentrations to uncover metabolic effects as discussed below. We found that these higher, plasma-relevant concentrations of DTG increased glycolytic ATP generation, while also elevating mitochondrial reducing capacity in BV2 microglial cells (Figure 4). While no changes in ECAR (glycolysis) or OCR (mitochondrial respiration) were uncovered upon exposure to plasma-relevant concentrations of DTG (Figure 8), the bioenergetic profile suggests a switch towards a more glycolytic phenotype consistent with the ATP data. Evidence suggests metabolic reprogramming can affect microglia-derived inflammation (25), thus a shift towards a more glycolytic phenotype upon DTG exposure might induce microglial activation. The 100x higher concentrations of FTC and EFV increased both mitochondrial maximal respiration and SRC in BV2 cells (Figure 8). This correlates with reduced glycolytic ATP uncovered with FTC exposure (Figure 4), suggesting these drugs might maintain microglia in a resting state or inhibit their activation. Based on these findings, as mentioned above we anticipate that chronic exposure to CSF-relevant concentrations would alter ATP and REDOX in BV2 cells.

EFV alters the mitochondrial membrane potential in various cell-types; however, much higher EFV concentrations were used than studied here. EFV (10,000 nM, 6 hours) lowered the mitochondrial membrane potential in SH-SY5Y and U-251MG cells (18). While EFV decreased ATP in SH-SY5Y cells (25,000 nM, 24 hours), ATP levels were increased in U-251MG cells (10,000 nM, 24 hours), and these findings were confirmed in primary rat cortical neurons and astrocytes, which were more sensitive than the immortal lines (18). EFV reduced ATP in rat striatal primary neurons (12,500 nM, 2 hours) (6) and neural stem cells (5000 nM, 24 hours) (17). High EFV concentrations decrease the mitochondrial membrane potential in Hep3B cells (25,000 nM, 4 hours), and primary human hepatocytes were more sensitive than immortal lines (11). Primary mouse hepatocytes exhibit reduced ATP following EFV exposure (40,000 nM, 3 hours) (50). In CEM cells, EFV (12,700 nM, 24 hours) reduced the mitochondrial membrane potential and basal mitochondrial respiration (51). EFV (10,000 nM) acutely decreased oxygen consumption in SH-SY5Y and U-251MG (18), as well as Hep3B cells (12). Our previous studies in rat synaptosomes revealed that EFV (6250 nM, 2 hours) decreased maximal mitochondrial respiration and ATP levels (7). Although future work could study higher ARV concentrations, we believe studies using primary immune cells, including microglia, but also peripheral immune cells, may uncover more drastic metabolic effects of CSF- or plasma-relevant ARV concentrations.

Few reports of FTC and DTG metabolic effects exist, and much of this work has focused on combined treatment making it difficult to ascribe effects to a particular drug. FTC (10,000 nM) acutely reduced Hep3B cellular oxygen consumption (52). Our previous studies revealed FTC (25,000 nM, 2 hours) reduced maximal mitochondrial respiration in rat striatal synaptosomes (7). FTC (peak plasma concentration, 48 hours) did not alter mitochondrial membrane potential in CEM cells (51). CD4+ T cells from HIV-negative healthy individuals were exposed to DTG (9538 nM) or FTC (4045 nM) in vitro for 3 days, and while FTC did not alter mitochondrial respiration, DTG decreased basal and maximal respiration, with no effect on glycolysis (53). While the DTG concentration was higher than studied here in BV2 cells (4300 nM) perhaps the effects of DTG on mitochondrial function in peripheral immune cells are different than those on CNS immune cells.

These findings reveal that physiologically relevant concentrations of DTG and FTC alter ATP metabolism, mitochondrial REDOX activity, and cellular bioenergetics in the absence of cell death in a cell-type specific manner. Thus, cellular metabolic alterations may, at least in part, explain some of the mechanisms underlying discontinuation of certain ART regimens due to peripheral and central adverse effects and likely contribute to microglial metabolic alterations in the HIV-infected brain.
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Supplementary Figure 1 | No alteration in HeLa cell mitochondrial membrane potential due to ARV treatment. HeLa cells were incubated with DTG, FTC, or EFV at the stated concentrations for 24 hours in the absence of glucose followed by incubation with TMRE dye. Treatment with 20 µM FCCP for 30 min was used as a positive control for mitochondrial depolarization. Statistically significant (p < 0.0001****). n=4.

Supplementary Figure 2 | No HeLa cell death due to treatment with DTG and FTC. HeLa cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations in the absence (A) or presence (B) of glucose. Cell death measured using the LDH assay is given as a percentage of cytotoxicity. Statistically significant compared to vehicle (p < 0.05*). n=4.

Supplementary Figure 3 | HeLa cell viability unaffected by ARV treatment. HeLa cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations in glucose-free media. Cell viability was determined using the LIVE/DEAD assay for flow cytometry and reported as the percent of viable (live) cells. n=4.

Supplementary Figure 4 | HeLa cell viability unaffected by ARV treatment. HeLa cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations in glucose-containing media. Cell viability was determined using the LIVE/DEAD assay for flow cytometry and reported as the percent of viable (live) cells. n=4.

Supplementary Figure 5 | No alteration in BV2 cell mitochondrial membrane potential due to ARV treatment. BV2 cells were incubated with DTG, FTC, or EFV at the stated concentrations for 24 hours in the absence of glucose followed by incubation with TMRE dye. Treatment with 10, 20, and 40 μM FCCP for 30 min was used as a positive control for mitochondrial depolarization. n=4.

Supplementary Figure 6 | No alteration in BV2 cell mitochondrial membrane potential due to ARV treatment. BV2 cells were incubated with DTG, FTC, or EFV at the stated concentrations for 24 hours in the presence of glucose followed by incubation with TMRE dye. Treatment with 10 mM FCCP for 30 min was used as a positive control for mitochondrial depolarization. Statistically significant (p < 0.001***, 0.0001****). n=4.

Supplementary Figure 7 | No BV2 microglial cell death due to ARV treatment. BV2 cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations in the absence (A) or presence (B) of glucose. Cell death measured using the LDH assay is given as a percentage of cytotoxicity. n=5.

Supplementary Figure 8 | BV2 cell viability unaltered by ARV treatment in the absence of glucose. BV2 cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations in glucose-free media. Cell viability was determined using the LIVE/DEAD assay for flow cytometry and reported as the percent of viable (live) cells. n=4.

Supplementary Figure 9 | BV2 cell viability unaltered by ARV treatment in the presence of glucose. BV2 cells were incubated for 24 hours with DTG, FTC, or EFV at the stated concentrations in glucose-containing media. Cell viability was determined using the LIVE/DEAD assay for flow cytometry and reported as the percent of viable (live) cells. n=4.

Supplementary Figure 10 | Cell Energy Phenotype. Plot of baseline ECAR (glycolysis) and OCR (mitochondrial respiration) levels for HeLa (white dot) and BV2 (grey dot) cells. n=5.
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HIV-associated distal sensory polyneuropathy (HIV-DSP) affects about one third of people with HIV and is characterized by distal degeneration of axons. The pathogenesis of HIV-DSP is not known and there is currently no FDA-approved treatment. HIV trans-activator of transcription (TAT) is associated with mitochondrial dysfunction and neurotoxicity in the brain and may play a role in the pathogenesis of HIV-DSP. In the present study, we measured indices of peripheral neuropathy in the doxycycline (DOX)-inducible HIV-TAT (iTAT) transgenic mouse and investigated the therapeutic efficacy of a selective muscarinic subtype-1 receptor (M1R) antagonist, pirenzepine (PZ). PZ was selected as we have previously shown that it prevents and/or reverses indices of peripheral neuropathy in multiple disease models. DOX alone induced weight loss, tactile allodynia and paw thermal hypoalgesia in normal C57Bl/6J mice. Conduction velocity of large motor fibers, density of small sensory nerve fibers in the cornea and expression of mitochondria-associated proteins in sciatic nerve were unaffected by DOX in normal mice, whereas these parameters were disrupted when DOX was given to iTAT mice to induce TAT expression. Daily injection of PZ (10 mg/kg s.c.) prevented all of the disorders associated with TAT expression. These studies demonstrate that TAT expression disrupts mitochondria and induces indices of sensory and motor peripheral neuropathy and that M1R antagonism may be a viable treatment for HIV-DSP. However, some indices of neuropathy in the DOX-inducible TAT transgenic mouse model can be ascribed to DOX treatment rather than TAT expression and data obtained from animal models in which gene expression is modified by DOX should be accompanied by appropriate controls and treated with due caution.
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INTRODUCTION

HIV has infected over 37 million people worldwide. The introduction of combined antiretroviral therapy (cART) has been successful in suppressing viral load, prolonging lifespan and improving quality of life of HIV-infected individuals. However, extending life span with cART has been accompanied by an increased prevalence of HIV-associated distal sensory polyneuropathy (HIV-DSP), which now affects over one third of patients with HIV (1). HIV-DSP is initially perceived in the feet and may progress proximally to the legs and hands, with patients experiencing a range of symptoms including loss of sensation to touch, heat or vibration, numbness, tingling and burning pain and allodynia (2). HIV-DSP is characterized by distal degeneration of sensory axons in a dying-back pattern (1, 3) and there is loss of small unmyelinated intraepidermal nerve fibers (IENF) in skin biopsies from distal legs of patients with HIV-DSP (4). The pathogenesis of HIV-DSP has been associated with neurotoxicity of both HIV-associated proteins (3, 5, 6) and cART (7–10). There is no FDA-approved treatment for HIV-DSP and patients exhibiting pain are frequently treated with agents used for other neuropathic pain conditions such as gabapentin, lidocaine gel, capsaicin cream and opioids (2, 11).

One of the HIV viral proteins implicated in HIV-DSP is HIV trans-activator of transcription (TAT). This protein is essential for efficient HIV viral replication and is secreted by HIV-infected microglia, macrophages and astrocytes (6, 12–14). TAT is detectable in the cerebrospinal fluid and peripheral blood samples of HIV-patients (15, 16). The pathogenic role of TAT has been investigated using doxycycline-inducible TAT (iTAT) transgenic mouse models (6). The two predominant models in the field differ only by the number of TAT gene insertions into the genome, with mice having either multiple (6) or single copies (17). With doxycycline (DOX) treatment, the iTAT-tg mouse models express TAT under the glial fibrillary acidic protein (GFAP) promoter in astrocytes at a concentration comparable to that detected in HIV patients on cART (6, 18). These iTAT mice develop cognitive deficits and CNS neuropathologies similar to those seen in HIV patients such as astrogliosis, loss of dendritic spines, neuronal apoptosis and increased infiltration of activated monocytes and T-lymphocytes (6, 19, 20). The pathogenic mechanism of TAT-induced neuropathology has been linked to disruption of mitochondria (14), including increased fission (21, 22).

RNA transcripts for Tat have been detected in the peripheral nervous system of the iTAT tg models, probably transcribed by the GFAP-expressing satellite and Schwann cells (17, 23). However, despite extensive studies on how TAT affects the CNS, few studies have examined the consequence of TAT in the PNS. It has been argued that mitochondrial energy deficits in distal terminals of sensory neurons lead to degeneration or retraction of these regions (24). Mitochondrial dysfunction has been implicated in the pathogenesis of neuropathic pain including mechanical allodynia seen in HIV patients (25, 26) and contributes to a variety of peripheral neuropathies (25), including those associated with diabetes (27–29), chemotherapy (30) and HIV (31). Thus, ameliorating mitochondrial dysfunction may offer an approach to treating both the degenerative and painful aspects of HIV-DSP.

We have previously shown that adult sensory neurons are under metabolic constraint mediated by activation of the muscarinic subtype-1 receptor (M1R) (32). Pharmacologically inhibiting M1R with the selective antagonist pirenzepine (PZ) activates the AMPK/PGC-1α pathway, enhances mitochondrial function and promotes neurite outgrowth in vitro. PZ treatment also prevented and/or reversed multiple indices of diabetic and chemotherapy-induced peripheral neuropathies in rodent models of these conditions (7, 33, 34). Most pertinent to our present studies, topical administration of the specific M1R antagonist MT7 to the eye both prevented and reversed corneal sensory nerve loss caused by topical delivery of the neurotoxic HIV envelope protein gp120 (32). We have therefore extended investigation of the therapeutic potential of M1R antagonism against HIV-DSP by determining efficacy of systemic PZ against functional and structural disorders of peripheral nerve caused by TAT expression using the iTAT-tg mouse model.



METHODS


Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of California San Diego. Animals were housed in an AALAC-accredited vivarium in groups of 3–5 per cage on TEK-Fresh bedding (7099, Envigo) under a 12-hour light:dark cycle with free access to food (5001 diet, Purina, USA) and water. Studies were performed in adult male and female 7–8-month-old mice. The iTAT transgenic mouse model requires treatment with the antibiotic DOX to induce TAT protein expression. However, DOX is known to have anti-inflammatory effects (35) and could potentially serve as an independent variable. Thus, two studies were performed—one to assess potential neurotoxic effects of DOX in normal mice and the second to measure neuropathy in DOX-induced TAT expressing mice and the impact of PZ therapy. The first study consisted of male and female C57BL/6J mice treated with vehicle (n = 9) or DOX (n = 8). DOX was administered daily at 80 mg/kg i.p. for 2 weeks, as behavioral deficits arising from transgene expression in TAT-expressing mice occur within 7 days of DOX treatment (6). We previously showed that 2 weeks of DOX treatment of the iTAT tg mice induces strong expression of the TAT gene from the GFAP promoter, which is expressed in the peripheral nervous system by Schwann cells (36).

The second study used DOX-inducible TAT transgenic mice treated with vehicle (5 males and 3 females, abbreviated as iTAT), DOX (4 males and 3 females, abbreviated as iTAT+DOX) or DOX and PZ (3 males and 3 females, abbreviated as iTAT+DOX+PZ). The iTAT transgenic mice were produced by crossbreeding Teton-GFAP mice and TRE-Tat86 mice (6) and the DOX-induced expression of TAT in the nervous system of this model has been validated (36). TAT was induced by i.p. DOX administration at 80 mg/kg once daily, five times per week for 2 weeks. For the iTAT+DOX+PZ group, PZ was administered at 10 mg/kg via subcutaneous injection once daily five times per week. PZ treatment was initiated on the same day as DOX to assess potential neuroprotective effects. For vehicle treatment, 0.9% saline was administered via subcutaneous and intraperitoneal injection.

After 2 weeks of treatment, rotarod performance, electrophysiological function and hind-paw withdrawal threshold to von Frey filaments and heat were measured (week 3 of the study), followed by corneal confocal microscopy (CCM) to quantify corneal sensory innervation (week 4 of the study). Upon completion of CCM, the mice were euthanized and hind-paw foot skin was collected for assessment of intraepidermal nerve fiber density and sciatic nerves for immunoblot analyses.



Behavioral Tests
 
Response to Heat Stimulation

The function of small sensory fibers in hind-paw skin was measured by recording latency of hind-paw withdrawal to a heat stimulus using a thermal nociception test device (UARD) as described in technical detail elsewhere (37). The temperature of the device glass surface was stabilized at 30°C and the heating rate was 1°C/sec, with a 20 s cut-off. Measurements were made on both hind paws and repeated four times. The median of the four measurements for each hind paw was calculated and thermal response latency of the mouse calculated by averaging the median measurements of left and right hind paws.



Response to Von Frey Filaments

The function of large myelinated sensory fibers in hind-paw skin was measured by recording sensitivity to light touch using manual von Frey filaments (range of 0.16 to 6.0 grams of force, Kom Kare, Inc.) as described in detail elsewhere (37). The testing filament sequence was used to calculate the 50% paw withdrawal threshold (in grams of force) for each hind paw exactly as described elsewhere (38).



Rotarod

Impaired motor function can disrupt behavioral responses upon sensory stimuli. To ensure that behavioral responses were not due to impaired motor function, motor coordination of the animals was measured using a 1.25 inch diameter rotarod (Stoelting Co.) as described previously (37) with the rate of rotation increased from the starting speed of four rotations per minute (RPM) to a maximum of 40 RPM within 120 s. After 120 s, rods consistently rotated at 40 RPM for another 180 s. One acclimation run was performed before the test run.




Electrophysiology

To evaluate the function of large myelinated motor nerve fibers, motor nerve conduction velocity (MNCV) was measured as described previously (37). Each mouse was anesthetized with 4% isoflurane in oxygen and the nerve and body temperatures stabilized at 37°C. The grounding platinum-tipped sub-dermal needle electrode (Grass Technologies) was inserted into skin at the back of the neck. Two recording electrodes were inserted into the interosseous muscle between the second and third, and third and fourth toes. The sciatic nerve was stimulated with a PowerLab stimulator set to deliver a 200-mV, 50-μs-duration square-wave stimulus every 2 s. The stimulating electrode was inserted into the ankle at the Achilles tendon and the sciatic notch to record the resulting electromyogram (EMG) containing the M wave at the Achilles tendon (Machilles wave) and at the notch (Mnotch wave). This process was repeated three times. MNCV was obtained by calculating the difference between Machilles and Mnotch for three repeats and dividing the median by the distance between the Achilles tendon and the sciatic notch.



Nerve Structure
 
Intraepidermal Nerve Fiber Density

Analysis of small sensory fibers in the epidermis (intraepidermal nerve fibers, IENF) was performed as described in detail previously (37). Briefly, hind-paw skin was fixed in 4% buffered paraformaldehyde overnight at 4°C then stored in 0.1M sodium phosphate buffer at 4°C before embedding in paraffin blocks. 6 μm sections were cut using a rotary microtome (Leitz, model 1512) and mounted onto glass slides. Mounted tissues were immunostained with antibody against protein gene product (PGP) 9.5 (1:1,000; cat. #7863-0504, AbD Serotec). Quantification of IENF was done using bright field light microscopy at 40 × magnification. All nerve fragments in the epidermis were counted for detection of early IENF terminal loss prior to retraction as far as the dermis (39). The length of the paw skin was traced under a light microscope using Scion Image software and a tracing pad. IENF density was reported as IENF profiles/mm.



Corneal Nerves

To visualize sensory innervation of the cornea, each mouse was anesthetized with 4% isoflurane in oxygen before transfer to the platform of a corneal confocal microscope (Heidelberg Retina Tomograph 3 with Rostock Cornea Module). Eye gel (GenTealTM, Novartis) was applied to both eyes to prevent drying and to connect the eyes to the microscope lens. The microscope objective was positioned close to the center of the apex of cornea and the depth adjusted to the beginning of the sub-basal nerve plexus. Using the Rostock Imaging Software, 40 sequential images, with 2 μm spacing, were collected encompassing the corneal epithelium, sub-basal nerve plexus and stroma. After identifying the sub-basal nerve plexus:stromal junction, five consecutive images of the sub-basal nerve layer moving outwards toward the epidermis and the first 10 images of the stromal layer were quantified. Corneal nerves in each image were traced using a digitizing tablet connected to a computer running Image J software (Image Processing Analysis in Java, National Institutes of Health). Corneal nerve density in each image was reported as number of pixels per area.




ImmunoBlot

Sciatic nerves from all groups in both studies were homogenized in a buffer containing protease inhibitor cocktails (Calbiochem, cat. no. 524624 and 539131) plus 1.0 mmol/L HEPES (Gibco, cat. no. 15630-080), 5.0 mmol/L benzamidine, 2.0 mmol/L 2-mercaptoethanol (Gibco, cat. no. 21985), 3.0 mmol/L EDTA (Omni pur, cat. no. 4005), 0.5 mmol/L magnesium sulfate, 0.05% sodium azide; final pH 8.8 as previously described (7). Samples were pre-cleared by centrifugation at 5,000 × g for 5 min at room temperature. Supernatants were retained as whole lysate and stored at −80°F until use.

After determination of protein content by bicinchoninic acid assay (Thermo Fisher Scientific, cat. no. 23225), lysates were loaded (20 μg total protein/lane) on 4–12% Bis-Tris gels (Invitrogen, cat. no. WG1402BX10) and electrophoresed in 5% HEPES running buffer and transferred onto PVDF membrane with iBlot transfer stacks (Invitrogen, cat. no. IB24001) using NuPage transfer buffer (ThermoFisher Scientific, cat. no NP0006). The membranes were blocked in 5% BSA in phosphate-buffered saline-tween 20 (PBST) for 1 h. Membranes were incubated overnight at 4°C with primary antibodies (TFAM, ThermoFisher Scientific, cat# PA5-23776; Total OxPhos Complex Kit, ThermoFisher Scientific, cat# 458099; DNM1L Santa Cruz Biotechnology; sc-32989). Following visualization, blots were stripped and probed with a mouse monoclonal antibody against β-actin (ACTB; Sigma Aldrich, cat. no. A5441) in blocking buffer as a loading control. All blots were washed in PBST then incubated with species-specific IgG conjugated to HRP (American Qualex, cat. no. A102P5) diluted 1:5,000 in PBST and visualized with SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific, cat. no. 34096). Images of protein bands were analyzed by semi-quantitative analysis using the VersaDoc gel imaging system and Quantity One software (Bio-Rad). The densitometry of TFAM, OXPhos, and DNM1L bands were normalized to densitometry of ACTB.



Statistical Analysis

All studies, assays and measurements were performed on coded animals and tissues by observers unaware of the codes. Within group comparisons over time were made by one-way ANOVA or two-way ANOVA with repeat measures followed by Dunnett's post hoc test. Between group comparisons were made by unpaired t test or one-way ANOVA with Tukey's or Dunnett's post hoc test, as indicated.




RESULTS


Body Weight and Sensorimotor Function

Body weight and rotarod performance were assessed before and after DOX treatment to determine any potential systemic effects of DOX. In normal C57Bl/6J mice, DOX treatment decreased body weight over time so that by study end mice were significantly (p < 0.05) lighter than before onset of treatment (onset = 42.2±8.6 vs. final = 31.6 ± 6.2 g; mean ± SD; Figure 1A). Vehicle treatment did not change body weight in iTAT mice over time (onset = 31.9 ± 6.7 vs. final =30.3 ± 5.1 g; mean ± SD; Figure 1B), whereas DOX treatment caused a trend to loss of body weight over time (onset = 36.3 ± 10.9 vs. final = 28.7 ± 6.5 g; mean ± SD; Figure 1B) that was not prevented by PZ treatment (onset = 34.8 ± 5.2 vs. final = 28.0 ± 1.6; mean ± SD; Figure 1B). Sensorimotor coordination in normal C57Bl/6J mice, as assessed by the rotarod test, did not change following daily DOX treatment for 2 weeks (Figure 1C). Similarly, there was no change in rotarod performance over time in iTAT mice, whether treated with vehicle, DOX or DOX+PZ (Figure 1D). Therefore, despite a DOX-induced loss of weight, sensorimotor function of DOX-treated mice remained intact, allowing valid measures of behavioral responses in subsequent sensory assays.
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FIGURE 1. Body weight and sensorimotor function. (A) Body weight in C57Bl6/J mice treated with vehicle (filled squares) or DOX (open squares). (B) Body weight in TAT transgenic mice treated with vehicle (filled circles), DOX (filled triangles) or DOX and PZ (open circles). (C) Rotarod performance in C57Bl6/J mice treated with vehicle (filled squares) or DOX (open squares). (D) Rotarod performance in TAT transgenic mice treated with vehicle (filled circles), DOX (filled triangles) or DOX and PZ (open circles). Data are group mean of N = 6–9/group ± SEM. Statistical comparisons by two way repeat measures ANOVA followed by Dunnett's post-hoc test. *p < 0.05 vs. within group time 0.




Stimulus-Evoked Behavior and Nerve Electrophysiology

In normal C57Bl/6J mice, DOX treatment significantly (p < 0.01) decreased 50% paw response threshold (C57 = 1.01 ± 0.34 vs. C57 + DOX = 0.44 ± 0.21g; mean ± SD; Figure 2A, left sub-panel) and significantly (p < 0.01) increased paw response to heat (C57 = 36.9±0.7 vs. C57+DOX = 38.5±1.3°C; mean ± SD; Figure 2B, left sub-panel) whereas MNCV was unaffected by DOX treatment (C57 = 46.9 ± 3.1 vs. C57 + DOX = 47.9 ± 2.9 m/s; mean ± SD; Figure 2C, left sub-panel). DOX treatment of iTAT mice also induced significant (p < 0.001) tactile allodynia (iTAT = 0.84 ± 0.23 vs. iTAT+DOX = 0.25 ± 0.16 g; mean ± SD) and heat hypoalgesia (iTAT = 37.2 ± 1.7 vs. 39.2±1.9°C; mean ± SD) when compared to vehicle treated iTAT mice (Figures 2A,B, right sub-panels). This data showed that the DOX treatment regime used impacted sensory nerve function, thereby precluding determination as to whether tactile allodynia and heat hypoalgesia observed in DOX treated iTAT mice were due to TAT expression or DOX. In contrast to C57 mice, iTAT mice treated with DOX developed significant (p < 0.05) MNCV slowing when compared to vehicle-treated iTAT mice (iTAT = 47.1 ± 3.5 vs. iTAT + DOX = 41.3 ± 6.1 m/s; mean ± SD; Figure 2C, right sub-panel), suggesting that MNCV slowing was likely due to TAT expression and not the DOX regime per se. Concurrent treatment of iTAT mice with DOX and PZ did not alter tactile allodynia (0.29 ± 0.21 g), whereas it returned paw heat response (37.9 ± 1.3; mean ± SD) and MNCV (46.9 ± 2.7 m/s; mean ± SD) to values that were not significantly different from vehicle-treated iTAT mice (Figures 2A–C, right sub-panel).
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FIGURE 2. Stimulus-evoked behavior and nerve electrophysiology. (A) Paw response to von Frey filaments, (B) temperature of paw withdrawal to escalating heat and (C) motor nerve conduction velocity in C57Bl6/J mice treated with vehicle or DOX and iTAT transgenic mice treated with vehicle, DOX or DOX and PZ Data are group mean of N = 6–9/group ± SEM. Statistical comparisons by unpaired t test (left sub-panel) or one-way ANOVA followed by Tukey's post-hoc test (right sub-panel).




Sensory Nerve Structure

Representative images of corneal sub-basal nerves and the dermal and intra-epidermal nerve fibers (IENF) present in hind-paw plantar skin are shown in Figures 3A,B, respectively. In normal C57Bl/6J mice, DOX treatment was without effect on corneal sub-basal nerve density (Figure 3C, left sub-panel) or paw skin IENF density (Figure 3D, left sub-panel) indicating that DOX is not toxic to small fiber structure. DOX-treated iTAT mice had significantly (p < 0.05) reduced nerve density in the corneal sub-basal plexus (3,396 ± 359 pixels/image; mean ± SD) compared to vehicle-treated iTAT mice (3,935 ± 425 pixels/image; mean ± SD) and this was prevented by concurrent treatment with PZ (4,106 ± 422 pixels/image; mean ± SD; Figure 3C). Thus, it appears that PZ prevents corneal nerve loss associated with induction of TAT expression. In contrast, neither DOX treatment alone, or in combination with PZ, caused a significant effect on paw skin IENF density of iTAT mice when compared to vehicle-treated iTAT mice (Figure 3D).
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FIGURE 3. Sensory nerve structure. (A) Representative image of mouse corneal sub-basal nerves (white arrowheads). (B) Representative image of mouse paw skin dermal (black arrowheads) and intra-epidermal (white arrowheads) PGP9.5+ve nerves. (C) Corneal nerve density in C57Bl6/J mice treated with vehicle or DOX and in TAT transgenic mice treated with vehicle, DOX or DOX and PZ. (D) Intra-epidermal nerve fiber density of C57Bl6/J mice treated with vehicle or DOX and of TAT transgenic mice treated with vehicle, DOX or DOX and PZ. Data are group mean of N = 5–9/group ± SEM. Statistical comparisons by unpaired t test (left sub-panel) or one-way ANOVA followed by Tukey's post-hoc test (right sub-panel).




Mitochondrial Proteins in Sciatic Nerve

In light of the DOX-induced physiological changes between C57 and iTAT mice the limited amounts of sciatic were used for exploratory biochemical studies of mitochondrial markers. Sciatic nerve protein lysates were assayed by immunoblot for proteins associated with mitochondrial transcription (TFAM), mitochondrial oxidative phosphorylation at complex III (UQCRC2), complex IV (MTCO1) and complex V (ATP5) and with mitochondrial fission (DNM1L) relative to the housekeeping gene β-actin (ACTB) (Figure 4A) in order to explore the potential role of mitochondrial dysfunction in TAT-induced neuropathy and establish any effects of the PZ intervention on mitochondrial proteins. In C57Bl/6J mice DOX treatment had no effect on any of these mitochondrial-associated proteins (Figures 4A–D, left sub-panels) suggesting that DOX alone is not disruptive of mitochondria. DOX treatment was also without impact on TFAM (Figures 4A,B, right sub-panel), CIII-UQCRC2 or CV-ATP5 protein (Figure 4A: quantification not shown). However, in iTAT mice, DOX treatment caused a significant (p < 0.05) reduction in CIV-MTCO1 protein (1.11 ± 0.07 AU; mean ± SD) compared to vehicle-treated iTAT mice (1.23 ± 0.06 AU; mean ± SD) and iTAT mice treated with DOX and PZ (1.28 ± 0.02 AU; mean ± SD; Figures 4A,C). DOX treatment of iTAT mice also caused a significant (p < 0.05) increase in levels of DNM1L (0.68 ± 0.06 AU; mean ± SD) compared to vehicle-treated iTAT mice (0.58±0.03 AU; mean ± SD) that was also absent in mice treated with PZ (0.60 ± 0.01 AU; mean ± SD; Figures 4A,D). These findings suggested that PZ prevented both the TAT-induced reduced expression of proteins associated with oxidative phosphorylation complex IV and a corresponding in mitochondrial fission.
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FIGURE 4. Mitochondrial proteins in mouse sciatic nerve. (A) Representative immunoblot for TFAM, proteins of oxidative phosphorylation complexes III, IV, and V, DNM1L and ACTB. (B) Densitometric analysis of TFAM normalized to ACTB. (C) Densitometric analysis of complex IV(MTC01 sub-unit) protein normalized to ACTB. (D) Densitometric analyses of DNM1L protein normalized to ACTB. Data are mean + SEM of N = 3 for C57Bl/6J group and N = 4/group for remaining groups. Statistical analyses by unpaired test or one-way ANOVA with Tukey's post-hoc test.





DISCUSSION

We investigated the pathogenic role of TAT protein in HIV-DSP using a well-characterized iTAT–tg mouse model and demonstrated that induction of TAT leads to functional and structural indices of motor and sensory neuropathy, accompanied by reduced expression of proteins of the electron transport chain and increased expression of a protein involved in mitochondrial fission. Concurrent treatment with the M1R antagonist PZ prevented all indices of mitochondrial dysfunction and peripheral neuropathy. While MNCV, corneal nerves and mitochondrial protein expression co-vary with both TAT expression and PZ therapy, we cannot yet ascribe a causal relationship linking TAT expression, mitochondrial dysfunction and peripheral neuropathy and further mechanistic studies are required to address this possibility.

The trans-activator of transcription (HIV-TAT) protein is an important regulatory protein that allows HIV to replicate efficiently (13). Low levels of TAT protein and viral replication persist in HIV patients on cART despite suppression of the viral load (40, 41). Expression of TAT in the iTAT-tg mouse model has been associated with neuronal dysfunction and damage in the CNS (6, 19, 20) that resembles disorders seen in HIV patients. A recent study conducted with a similar DOX-inducible TAT expressing transgenic mouse model also reported peripheral neuropathy, as indicated by tactile allodynia and reduction of paw IENF density, with no changes in paw thermal withdrawal threshold (17). In our present study we replicated the report of tactile allodynia, but this was accompanied by paw thermal hypoalgesia and normal IENF density. There are a number of differences in the design and analysis of the two studies that could contribute to these discrepancies. Firstly, we provided DOX by daily ip injection for 2 weeks whereas the prior report provided DOX in the diet for 9 weeks. Our more aggressive DOX regimen induced weight loss but not impairment of sensorimotor coordination as measured by rotarod performance, so that sensory assays relying on limb withdrawal responses remain valid. Our study design also allowed us to identify any DOX-associated impact on the PNS independent of TAT induction and demonstrated that both tactile allodynia and paw thermal hypoalgesia in DOX-treated iTAT-tg mice also occurred in DOX-treated non-tg mice and are thus likely attributable to the DOX regimen rather than TAT expression. The prior study limited their comparison to normal mice treated with DOX vs. iTAT-tg mice treated with DOX and thus could not resolve any impact of the DOX regimen per se. Further, loss of IENF was detected after 6 weeks of DOX exposure in iTAT-tg mice, but not 8 days (17). Our failure to detect this disorder could reflect the shorter duration of DOX exposure and TAT induction (2 weeks) or withdrawal of DOX for 2 weeks prior to tissue collection that could allow IENF time to regenerate. Finally, there is also a report of sex-dependent effects of TAT on responses to inflammatory or neuropathic insults (42) and while the prior report was limited to female mice, we included both sexes. However, in post-hoc exploratory analyses we identified no differences in PNS function or structure between sexes.

Despite the above caveats, large fiber MNCV slowing is likely due to TAT expression, as DOX did not affect this parameter in normal mice. To the best of our knowledge, this is the first study to quantify function of large myelinated motor fibers in the iTAT-tg mouse model, although nerve conduction studies have been used for diagnosing peripheral neuropathy in HIV patients (43–46). Similarly, our novel finding of reduced corneal sensory nerve density is not a consequence of DOX exposure per se and is consistent with recent reports of reduced corneal nerve density in patients with HIV neuropathy (47, 48). In a previous study we demonstrated that topical delivery of the HIV envelope protein gp120 to the eye of normal mice also leads to loss of corneal sensory nerves (32), so that two HIV-associated proteins linked with neuropathy independently impact corneal nerves. In both cases, PZ was effective at preventing and/or reversing reduced corneal nerve density, which is consistent with its capacity to provide neuroprotection and promote neurite growth in sensory nerves (32). At present we cannot determine whether the efficacy of PZ was via prevention of corneal nerve degeneration, collateral sprouting from surviving neurons or some combination of both and future intervention treatment studies will be required to address this issue. Our findings also indicate that, at least in the DOX-induced iTAT model, MNCV slowing and corneal nerve depletion precede IENF loss. Electrophysiological testing, a widely used neurological diagnostic technique, and non-invasive corneal confocal microscopy therefore have potential as early biomarkers of large and small fiber peripheral neuropathy in HIV patients.

In neuronal cell cultures, TAT damages neurons by inducing mitochondrial depolarization and increasing mitochondrial fission leading to rapid release of reactive oxygen species and smaller mitochondrial size (14). Mitochondrial fission is controlled by a dynamin like protein 1 (DNM1L), which has been shown to be dysregulated in the brains of people with HIV-associated neurocognitive disorders (21, 22). Similar mitochondrial functional and morphological abnormalities have been observed in postmortem brains of iTAT-tg mice (14). Our current findings in sciatic nerves are consistent with recent studies showing that TAT disrupts oxidative phosphorylation and mitochondrial dynamics in multiple cellular models (49, 50). Reversal of TAT-induced mitochondrial alterations after PZ administration may reflect the capacity of PZ to activate ERK/CREB signaling to promote neurite outgrowth in sensory neurons via regulation of microtubule polymerization and mitochondrial trafficking (51). Interestingly, this signaling pathway is also inhibited by TAT protein leading to subsequent neurite retraction (52). Thus, the therapeutic efficacy of PZ against indices of TAT associated HIV-DSP is consistent with its general mitochondrial enhancing and nerve growth-promoting properties.

Our study is limited to the use of a mouse model that expresses only one HIV-associated protein and the use of DOX to induce TAT expression. Although the iTAT-tg mouse model does not illustrate the complex interaction between HIV and HIV proteins that may impact development of HIV-DSP in humans, it does focus attention on one specific protein and its role in clinical features of HIV-DSP such as nerve conduction slowing and reduction of corneal sensory nerve density (2, 47, 48). Appropriate controls in our study also allowed us to segregate the impact of DOX on sensory nerve function. This study is also limited to descriptive analyses of DSP-related symptoms in the iTAT-tg mouse and how PZ affects these symptoms. While the covariance of mitochondrial associated proteins with neuropathy following TAT expression and PZ treatment offers potential pathogenic and therapeutic mechanisms further studies are needed to better understand the physiological and molecular mechanisms involved and establish any causal links.

In summary, TAT expression in DOX-induced TAT transgenic mice produced indices of large and small fiber neuropathy that replicate those seen in clinical HIV-DSP. These deficits were prevented by treatment with the selective M1R antagonist, PZ, as were changes in expression of proteins of mitochondrial respiration and fission. It was notable that our DOX regimen independently impacted sensitivity to touch and heat in normal mice suggesting a need for caution and appropriate controls when using this DOX regime to induce expression of proteins of interest.
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As the life expectancy of people living with HIV (PLWH) on combination antiretroviral therapy (cART) increases, so does morbidity from cerebrovascular disease and neurocognitive disorders. Brain arterial remodeling stands out as a novel investigational target to understand the role of HIV in cerebrovascular and neurocognitive outcomes. We therefore conducted a review of publications in PubMed, EMBASE, Web of Science and Wiley Online Library, from inception to April 2021. We included search terms such as HIV, cART, brain, neuroimmunity, arterial remodeling, cerebrovascular disease, and neurocognitive disorders. The literature shows that, in the post-cART era, PLWH continue to experience an increased risk of stroke and neurocognitive disorders (albeit milder forms) compared to uninfected populations. PLWH who are immunosuppressed have a higher proportion of hemorrhagic strokes and strokes caused by opportunistic infection and HIV vasculopathy, while PLWH on long-term cART have higher rates of ischemic strokes, compared to HIV-seronegative controls. Brain large artery atherosclerosis in PLWH is associated with lower CD4 nadir and higher CD4 count during the stroke event. HIV vasculopathy, a form of non-atherosclerotic outward remodeling, on the other hand, is associated with protracted immunosuppression. HIV vasculopathy was also linked to a thinner media layer and increased adventitial macrophages, suggestive of non-atherosclerotic degeneration of the brain arterial wall in the setting of chronic central nervous system inflammation. Cerebrovascular architecture seems to be differentially affected by HIV infection in successfully treated versus immunosuppressed PLWH. Brain large artery atherosclerosis is prevalent even with long-term immune reconstitution post-cART. HIV-associated changes in brain arterial walls may also relate to higher rates of HIV-associated neurocognitive disorders, although milder forms are more prevalent in the post-cART era. The underlying mechanisms of HIV-associated pathological arterial remodeling remain poorly understood, but a role has been proposed for chronic HIV-associated inflammation with increased burden on the vasculature. Neuroimaging may come to play a role in assessing brain arterial remodeling and stratifying cerebrovascular risk, but the data remains inconclusive. An improved understanding of the different phenotypes of brain arterial remodeling associated with HIV may reveal opportunities to reduce rates of cerebrovascular disease in the aging population of PLWH on cART.
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INTRODUCTION

Despite the effectiveness of modern combination antiretroviral therapy (cART), HIV infection continues to be frequently accompanied by cerebrovascular disease and cognitive decline (1–3). Arterial remodeling is emerging as a possible link between HIV infection and cerebrovascular disease and, possibly, cognitive disorders (4–6). However, our understanding of the pathogenic role of HIV in arterial remodeling, especially among the increasing population of people living with HIV (PLWH) in long-term cART, remains limited. In this review, we will discuss potential mechanisms underlying HIV-associated arterial remodeling. We will also summarize our current understanding of the potential role that HIV-associated arterial remodeling plays in cerebrovascular disease and cognitive disorders among PLWH, especially among those aging with HIV and in cART. To that end, we conducted a review of publications in PubMed, EMBASE, Web of Science, and Wiley Online Library, from inception to April 2021. We included search terms such as HIV, cART, brain, neuroimmunity, arterial remodeling, cerebrovascular disease, stroke, and neurocognitive disorders.



HIV AND CEREBROVASCULAR DISEASE IN THE cART ERA

The life expectancy of PLWH is now generally approaching that of the general HIV-seronegative population, thanks to the advent of cART in the mid-1990s (7–9). Although fewer PLWH are dying of AIDS-related diseases, the prevalence of comorbidities in PLWH that are not caused by AIDS, such as cardiovascular disease, remains high compared with HIV-seronegative controls. Cardiovascular disease is the second leading, non-AIDS cause of death among PLWH in the United States, and third in Europe (10). This includes cerebrovascular disease, which remains prevalent among PLWH even after the widespread adoption of cART (11–13). For instance, while the seminal Strategic Timing of Antiretroviral Therapy (START) study demonstrated a 40% reduction in AIDS-related diseases with early cART administration (14), early cART and lower AIDS rates did not preclude increased cerebrovascular risk in PLWH (15).

Studies conducted in high-income countries have established that PLWH in the post-cART era have a 1 to 5% population burden of stroke, while 4 to 34% show ischemic brain lesions on autopsy (16–19). In the United States (US), the total number of primary stroke diagnoses made in PLWH rose by 67% between 1997 and 2006, according to a population study of hospital stroke diagnoses (13). The timing of this increase, quite notably, coincided with the propagating adoption of cART and the simultaneous decrease, by 7%, of stroke admissions in the general population. The authors remarked that the case increase was mostly caused by a rise in ischemic rather than hemorrhagic stroke hospitalizations among PLWH. They also reported that the proportion of PLWH hospitalized for ischemic stroke had more than doubled in the studied period. In a 2019 analysis of a large US healthcare claims database (20), stroke rates in PLWH were shown to be nearly triple that of HIV-seronegative controls, adjusting for sex and age. In 2015, men living with HIV enrolled in the US-based Veterans Aging Cohort Study were still shown to have an increased risk of ischemic stroke compared to HIV-seronegative controls (21). Hemorrhagic stroke, on the other hand, was more frequently seen in the immunosuppressed than those on stable cART (22, 23). In Europe, a Danish population-based cohort study showed the incidence of cerebrovascular events in PLWH was 1.6 times that of HIV-seronegative controls, adjusting for traditional vascular risk factors (24). This rate, it should be noted, may indeed be higher. Since both HIV and cART are independently associated with traditional cardiovascular risk factors, adjusting for them may have negatively biased those results (25–28). Stroke burden among PLWH in low-to-middle-income countries is less well-defined, but a higher burden of HIV and AIDS, along with increasing prevalence of traditional risk factors, makes these populations even more vulnerable to cardiovascular events (29, 30). In Malawi, for instance, the second most common cause of stroke in 2017 was HIV (29) and in 2010, a reference hospital in Tanzania reported that 20% of stroke cases co-occurred with HIV infection (31).

The post-cART rise in HIV-associated stroke events, some researchers originally suspected, could be caused by the overall increase in HIV infections, possible side effects of new cART drugs, improved survival on cART, or even just better recognition of stroke symptoms among PLWH (2). The exact causes, however, remain difficult to pin down even today. Studies trying to determine stroke rates in HIV-positive populations often rely on incomplete data regarding cardiovascular risk factors and on standardized disease codes that may not appropriately capture cerebrovascular events among PLWH (12). Nonetheless, the literature strongly supports the existence of cerebrovascular risk in HIV infection beyond what would be explained by traditional risk factors. Compared to HIV-seronegative controls, PLWH with cerebrovascular disease may be younger and less likely to have the rates of high blood pressure and elevated cholesterol typically seen in stroke patients (11, 32, 33). Surveys of PLWH have shown a premature occurrence of stroke events compared to their HIV-seronegative counterparts, especially in low-to-middle-income countries (34).

Interestingly, a cohort of elite controllers (PLWH who maintain undetectable viral load without cART) still showed increased coronary atherosclerosis and biomarkers of immune activation compared to HIV-seronegative controls (35). This points to reasons other than high viremia and cART side effects to explain HIV-associated atherosclerosis. The SMART study also showed that interrupting cART in immunocompetent PLWH led to increase in cardiovascular events, compared to those whose cART continued after immune reconstitution, providing further support for the role of cART in prevention, rather than promotion, of cardiovascular disease in PLWH (36). A separate cohort of elite controllers showed higher median carotid intima-media thickness than seronegative controls, adjusting for traditional cardiovascular risk factors (37). Moreover, autopsy studies have found altered vascular caliber in the brain of PLWH who experienced long-term viral suppression before death (1, 5, 38–40).

A multicenter cohort study in the US also showed that the Framingham Stroke Risk Score underestimated long-term risk of stroke among men living with HIV (41). In fact, standard cardiovascular risk prediction functions that were developed for use in the general population tend to systematically underestimate risk in PLWH (26). This exposes the limitations in our current understanding of the pathophysiology of cerebrovascular disease among PLWH, which may differ from that of people who are HIV-seronegative. Even in the absence of AIDS, the inflammatory effects of HIV may be contributing to vascular disease in the brain, with varying effects depending on immunological and cART status (42). Inflammation-mediated vascular remodeling may therefore be playing a key role in HIV-associated cerebrovascular disease, beyond the isolated effects of chronically high viremia, which is much less commonly seen post-cART. Furthermore, the effects of cerebrovascular changes in HIV infection may not be limited to stroke: they may also have a role to play in the HIV-associated neurocognitive disorders, still prevalent in the post-cART era (43–46).



HIV-ASSOCIATED ENDOTHELIAL DYSFUNCTION

Arterial remodeling is the process in which arteries undergo structural and functional changes as a response to biological stimuli. A response that results in increase in arterial size is defined as outward remodeling (e.g., dolichoectasia, aneurysm), whereas a decrease in size or caliber is defined as inward remodeling (e.g., atherosclerosis) (47). Arterial remodeling can also be described as hypertrophic (thickening of the vascular wall), eutrophic (constant wall thickness) or hypotrophic (thinning of the wall) (48). When the endothelium is functionally intact, it senses stimuli such as blood flow and shear stress to modulate arterial remodeling (49, 50). A dysfunctional endothelium could alter the production or passage of vasoconstricting and vasodilating signals, thereby altering the natural course of arterial remodeling. Studies have shown that in PLWH, even after long-term cART, HIV-associated endothelial dysfunction can be present and flow-mediated dilation of arteries impaired (51–53). Endothelial dysfunction leads to abnormal clotting and increased nitric oxide production, altering vessel tone, permeability and chemokine expression. This leads to leukocyte transendothelial migration (2, 36, 54–56). The ultimate consequence of these changes is wall remodeling, plaque formation and/or increased presence of inflammatory cells in the vessel wall. As a consequence of HIV-induced arterial remodeling, both thrombus formation (cause of ischemic strokes) and possibly rupture (cause of hemorrhagic strokes) may be precipitated (2, 57).

While HIV-associated endothelial dysfunction (and its compromise of brain vasculature) is becoming a clearer independent entity in the literature, the mechanisms through which it may lead to arterial remodeling and adverse cerebrovascular outcomes remains unclear. HIV-1 is not understood to be directly vasculotropic. Endothelial cells do, however, express the receptors needed for viral entry (CD4 and CXCR5) (58). While viral replication does not take place in these cells, endothelial function may nonetheless be altered in ways that could initiate and propagate atherogenesis (2). Circulating HIV-infected immune cells, freely circulating HIV, HIV proteins (released by host cell lysis or actively secreted), and HIV-induced proinflammatory cytokines; all have the potential to activate the endothelium (59, 60). A 2011 biomarker study of 44 PLWH and 29 seronegative controls proposed soluble CD163 (sCD163), a monocyte- and macrophage-specific molecule, as a marker of HIV activity (61). In that study, in PLWH who initiated cART in early HIV infection (≤1 year), sCD163 decreased to levels comparable to HIV-seronegative individuals. In those who initiated cART later (>1 year after infection), however, sCD163 remained chronically elevated. The same study also found plasma soluble CD14 levels elevated in individuals with chronic HIV infection, before and after cART initiation, compared with HIV-seronegative controls. Both molecules, sCD14 and sCD16, have been found to play a role in atherogenesis in PLWH (62).

Continuous, cumulative exposure to noxious viral particles and inflammatory signals over time, which happens even while in cART, may damage the endothelium, increasing its permeability and promoting leucocyte invasion into the vessel wall. A chronic inflammatory state may then set the stage for arterial wall remodeling. Circulating HIV protein Tat, for example, has been found to cause coronary endothelial dysfunction and non-compliance, oxidative stress and disruption of brain microvascular endothelial function, in animal models and in humans (63, 64). In a macaque model, Simian Immunodeficiency Virus protein Nef was associated with a range of pathological vascular phenotypes, from medial hypertrophy to thrombosis (65, 66). In a porcine model, HIV protein Nef was shown to decrease endothelium-dependent vasorelaxation in pulmonary arteries (66). Both Nef and Tat have been associated with increases in endothelial apoptosis, angiogenesis, inflammatory cytokines and cell adhesion molecules (67). During initial infection, before viremia can be suppressed by cART, increased circulation of viral proteins and active inflammation may lead to a more rapid and dramatic remodeling of vascular architecture (68).

Viral protein Gp120, in both soluble and surface-bound forms, has also been shown able to alter function of bystander cells that are not directly infected with HIV, including endothelial cells. It has been associated with endothelial cell apoptosis, adhesion molecule expression, production of inflammatory cytokines, increased expression of matrix metalloproteinases, and increased permeability (69–73). A study found Gp120 to promote endothelial cell senescence in humans; a phenotype that promotes inflammation, vasoconstriction, and thrombus formation (74, 75). The chronic effects of HIV proteins on the endothelium may be intertwined with (and confounded by) the effects of concomitant cART. cART-induced endothelial damage has been shown to play a role in the mechanism of endothelial dysfunction and cerebrovascular risk. However, the deleterious effects of cART are mostly thought to occur through metabolic abnormalities, not direct endothelial damage (2, 55, 76). While some specific ART classes (e.g., protease inhibitors) and individual drugs (e.g., abacavir) have been associated with increased cerebrovascular risk, current cART regimes are largely believed to reduce the risk overall, not increase it (42, 76). There is also variability in the ability of different antiretrovirals to reach therapeutic concentrations in cerebrospinal fluid (CSF): under suboptimal drug pressure, continuous replication of HIV in the central nervous system (CNS) is possible (77). This is evidenced by CSF viral escape, in which HIV RNA can be detected in CSF when it is undetectable in plasma. CSF viral escape occurs in 4 to 20% of PLWH, has been associated with cART regimes of protease inhibitors and nucleoside reverse transcriptase inhibitors, and with CNS inflammation (78, 79). This exposes the cerebrovascular endothelium to higher concentrations of viral particles and proteins, despite systemic viral suppression. It is possible that HIV-coded proteins interact with traditional risk factors, chronic inflammation, and cART, to ultimately cause endothelial dysfunction. This, in turn, may lead to pathological phenotypes of arterial remodeling and ultimately cerebrovascular disease, as represented in Figure 1 (67). Such interactions are sure to be complex, however, and much remains to be discovered about them.
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FIGURE 1. HIV-coded proteins as a cause of endothelial dysfunction and arterial remodeling. Adapted from “HIV proteins and endothelial dysfunction: implications in cardiovascular disease,” by A. R. Anand, G. Rachel and D. Parthasarathy, 2018, Frontiers in cardiovascular medicine, 5, p. 185 (https://www.frontiersin.org/articles/10.3389/fcvm.2018.00185/full). CC BY.




HIV-ASSOCIATED INWARD ARTERIAL REMODELING

Compared to HIV-seronegative controls, PLWH in long-term cART continue to show increased rates of atherosclerosis, an extreme phenotype of inward remodeling, with associated increase in risk of acute ischemic events (80, 81). The current body of knowledge of HIV-associated atherogenesis has been gained mostly through clinical studies, with very few experimental studies to help explain the mechanisms for this association, although it is well-accepted that HIV infection promotes accelerated atherosclerosis in extra and intracranial arteries (57, 82). A 2015 US-based brain bank study described a direct association between HIV status and inward remodeling of intracranial arteries (57). They observed that, compared with HIV-seronegative controls, PLWH had a predisposition for inward remodeling of brain large arteries, with thicker media, thicker arterial walls, and smaller lumen-to-wall ratio. These associations were found after adjusting for vascular risk factors, with no statistical difference in stenosis or calcification. With a sample of 142 HIV-positive and 142 HIV-seronegative brain donors, half of all brain infarcts among the PLWH in that study were attributed to one of two arterial remodeling extremes: atherosclerosis or dolichoectasia. Atherosclerosis accounted for a quarter of brain infarcts in the study's PLWH sample. Intracranial atherosclerosis was significantly associated with a lower CD4 nadir and a higher antemortem CD4 count. This, the authors noted, was a novel finding, and one which agreed with HIV-associated changes that had been reported in extracranial arteries by other studies (83, 84). It suggested a role for the immune system in the development of atherosclerosis, one in which a bigger difference between CD4 count before and after successful cART results in greater vascular inflammation. Successfully treated HIV infection with immune reconstitution could therefore be associated with higher rates of inward remodeling of intracranial arteries, compared to immunocompromised PLWH (who would present a different remodeling phenotype) and to HIV-seronegative controls. The exact mechanisms linking inward remodeling and ultimately atherosclerosis with HIV, however, remain unexplained.

In a another brain bank study, from 2018 (85), it was observed that intimal lymphocytic inflammation was involved in brain arterial remodeling, possibly contributing to the cerebrovascular pathological findings in that PLWH sample. The authors analyzed large brain arteries from 84 PLWH and 78 HIV-seronegative controls. In brain samples of PLWH with antemortem CD4 count over 200, and of HIV-seronegative controls, a higher number of CD3 T cells infiltrating the intima was associated with histological markers of hypertrophic inward remodeling. In samples from PLWH with CD4 counts less than 200, however, the presence of CD3 T cells in the intima was associated with hypertrophic outward remodeling instead. The researchers hypothesized that “a sufficient” CD3 T cell count may be needed to generate an inflammatory response that leads to inward remodeling in HIV, with subsequent luminal and blood flow reductions. The authors also reported that adventitial CD3 T cells were decreased among PLWH compared to HIV-seronegative controls. The decrease was more pronounced in samples belonging to immunosuppressed PLWH. The CD3 T cell numbers in the intima, however, did not differ by HIV status, as they did in the adventitia, and adventitial CD3 T cells were not associated with atherosclerosis. The authors of that study could not elucidate the exact role of CD3 T cells in brain arterial remodeling, as that marker comprises a variety of cell subpopulations with different functions. Their results, however, pre-suppose that inflammatory cells in the brain of PLWH may affect distinct arterial layers differently, and immune cell quality and quantity in each layer may be associated with immune status and disease history. It is possible that CD3 T cells are involved in brain inflammatory changes such as HIV-associated vasculitis, arterial dilatation and inflammation limited to the CSF (86, 87). The use of a semi-quantitative measurement of CD3 T cells, and the fact that all HIV-positive brain samples proceeded from the same site, were limitations to this study. Its results nonetheless point to the existence of differential markers of inflammation in, and differential remodeling of, brain arteries in immunocompromised PLWH when compared to immunocompetent PLWH and to HIV-seronegative individuals.

Biomarker studies indicate that there may also be a role for monocyte-macrophage activation in HIV-associated atherosclerosis. A study using a transgenic mouse model (88) showed that, in mice with an ApoE−/− phenotype who also expressed HIV-1, HIV expression was enough to accelerate atherosclerosis, with increased caspase-1 pathway activation in inflammatory monocytes. The same study also analyzed in vivo samples from PLWH and postmortem samples from an HIV-positive human tissue bank. The authors documented that in vivo plasma IL-18 was higher in PLWH compared with HIV-seronegative controls. Higher IL-18 levels were associated with markers of monocyte-macrophage activation and non-calcified, inflammatory coronary plaques. In the postmortem tissue sample of PLWH, aortic plaques were associated with caspase-1-positive cells and CD 163-positive macrophages. This study demonstrated that exposure to HIV may independently accelerate atherogenesis in humans. It also highlighted the possible role of the caspase-1 pathway and of monocyte-macrophage activation in HIV-associated atherogenesis.

Cerebrovascular disease mechanisms in PLWH may also vary according to CD4 count. In a retrospective study of PLWH (89) it was seen that, among 115 stroke cases, most (22%) were due to large artery atherosclerosis (17%, due to small artery disease; 16%, infectious; 8%, cardioembolic; 21%, cryptogenic; and 16%, other causes). They found that large artery atherosclerosis was significantly associated with longer HIV infection and CD4 nadir less than 200. In the same sample, stroke due to large artery atherosclerosis was associated with higher CD4 count in the year prior to stroke, independent of CD4 nadir. They concluded that large artery atherosclerosis was the most frequent stroke mechanism in PLWH whose nadir CD4 count was less than 200 (which suggests cART start later in infection history) and whose CD4 count near the time of the stroke was higher (which suggests successful cART). These in vivo results support those of the brain bank study described above (85), where hypertrophic inward remodeling, of which atherosclerosis constitutes an extreme, was most frequently seen in brain arteries of PLWH with higher antemortem CD4 count.

Detecting HIV-associated brain arterial remodeling in PLWH, in vivo, however, remains a challenge. Imaging has a limited diagnostic or prognostic role in HIV-associated arterial remodeling. But this role may be expanded in the future, with the advent of more advanced or specific imaging procedures. Black-blood MRI (BBMRI), for example, is an advanced technique that allows better visualization of the vascular wall thickness by nulling the signal from the vascular lumen. In current practice, it is mostly used to assess visual markers of cardiovascular and cerebrovascular risk from eccentric lipid-rich plaques (90). But in PLWH it could be used to measure the vessel wall thickness (91, 92), as seen in the example presented in Figure 2, abstracted from the 2019 study “Subclinical Atherosclerosis Imaging in People Living with HIV” (93). In an imaging study with subjects with low traditional cardiovascular risk, HIV-status was significantly associated with increased vascular thickening, after adjusting for age (92). In another study, PLWH on cART also showed increased carotid artery wall thickness on MR imaging compared to HIV-seronegative controls with similar cardiovascular risk (94). In sum, the full potential of MRI techniques to measure arterial remodeling in PLWH in a way that could be clinically relevant remains undefined, but promising.


[image: Figure 2]
FIGURE 2. Black-blood MR imaging of the carotid arteries. Adapted from “Subclinical atherosclerosis imaging in people living with HIV,” by I. C. Schoepf, R. R. Buechel, H. Kovari, D. A. Hammoud and P. E. Tarr, 2019, Journal of clinical medicine, 8(8), p. 1125 (https://www.mdpi.com/2077-0383/8/8/1125). CC BY. Fat saturated T2-weighted black-blood MR images at the level of the common carotid arteries in a 56-year-old HIV-positive man (A) and a 47-year-old HIV-negative man (B). Similar imaging technique at the level of the internal carotid arteries in a 56-year-old HIV-positive woman (C) shows narrowing of the vascular lumen bilaterally by a plaque (small arrows), more significant on the right side. (D) shows similar imaging at the level of internal carotid arteries in a 47-year-old HIV-negative man with no evidence of atherosclerosis.




HIV-ASSOCIATED OUTWARD ARTERIAL REMODELING

While inward remodeling leads to vessel stenosis and atherosclerosis, outward remodeling is usually accompanied by media thinning and vessel dilation (4, 95). In the same US-based 2015 brain pathology study described above (57), the researchers found that outward remodeling was the “defining arterial phenotype” among PLWH that experienced prolonged immunosuppression prior to death. They correlated dolichoectasia (an extreme outward remodeling phenotype) with media thinning and higher viral load at the time death. Furthermore, higher lumen-to-wall ratio was the only arterial remodeling variable associated with cryptogenic brain infarcts in their PLWH sample. This somewhat confounded their other finding that inward remodeling was linked to HIV, albeit in HIV-positive cases with higher antemortem CD4 counts. The authors posited that immune reconstitution (with increased numbers of CD3 T cells) would generate a different and more robust inflammatory response, leading to a different remodeling phenotype, than what is seen in the immunosuppressed. This hypothesis, however, is yet to been tested.

In the other US-based brain bank study, from 2018 (85), the authors found that intimal lymphocytic inflammation with hypertrophic outward remodeling was associated with adventitial macrophages and increased elastolysis activity. They described similar findings in a separate study of the same cohort (96). This association has also been documented in extracranial arteries, such as in aortic and coronary aneurysmal dilatations (97–99). The authors of the 2018 brain bank study (85) proposed that an interaction between immunosuppression and intimal CD3 T cells may potentiate arterial dilatation, rather than constriction. Adventitial CD3 T cell expression was not associated with intracranial large artery atherosclerosis in their sample. Consequently, they proposed that inflammatory cells “may affect the intima differently than the adventitia of brain arteries.” The exact role of adventitial CD3 T cells in arterial inflammation or remodeling is yet to be described, but it is certainly possible that these cells are involved in other inflammation-induced vascular changes. Indeed, separate studies have associated the presence of CD3 T cells with HIV-associated vasculopathy and arterial dilatation (86, 87). These inflammatory cells could contribute to adventitial inflammation in PLWH while having a different role in the intimal inflammatory process that leads to stenosis or atherosclerosis.

Evidence is accumulating in support of an independent role for HIV in the pathogenesis of vasculopathy. In the current literature, HIV-associated vasculopathy conventionally refers to abnormalities of blood vessels that are a direct or indirect consequence of HIV infection, with no alternative etiological explanation (42). This diagnosis is usually reserved for PLWH who present with clinical or radiological features of vasculopathy and in whom other causes have been ruled out (2). In past clinical case series, 13 to 28% of ischemic strokes in PLWH had been attributed to HIV-associated arterial vasculopathy. Most of these studies, however, did not rule out vasculopathy attributable to opportunistic infection (3, 100, 101). Evidence of vasculopathy has also been found in postmortem brain samples of PLWH, even in subjects with long-term successful viral suppression before death (102, 103). Animal models have directly linked HIV infection to vasculopathy, independently from other causes. For example, a study of the murine AIDS model in mice suggested that retroviral infection can cause endothelial dysregulation and vasculopathy. Similar experimental findings have been corroborated in humans (104–106). Outward remodeling with thinning of the arterial media layer has been reported as a possible pre-clinical stage for HIV vasculopathy (38). HIV infection could be initiating vascular injury in the brain, or perhaps contribute to further injury to vasculature already damaged by atherosclerosis, pre-disposing PLWH to stroke. The exact mechanism of arterial wall damage in the context HIV remains poorly understood, especially among subjects on long-term cART. But pathological data suggests that, among people who died with HIV, antemortem low CD4 counts and low CD4 nadir were associated with intracranial arterial outward remodeling involving wall thinning and arterial dilatation (57).

In vivo imaging may also be an important tool in assessing outward remodeling phenotypes in brain arteries associated with HIV infection. A 2019 MRI study (68) using T2-weighted imagining sequences, found that the vascular caliber of the anterior cerebral artery, A1 segment, was higher in PLWH compared to HIV-seronegative controls, matched for sex and race. Meaningfully, higher CD4 T cell count and longer duration of infection were associated with decrease in A1 caliber of PLWH. The findings of this study were in agreement with postmortem observations in brains of PLWH (5, 38, 40). It is therefore possible that the observed MRI changes in lumen caliber would reflect HIV-associated vessel wall thinning and/or loss of compliance with protracted infection. A brain bank study recognized an association between HIV infection and thinning of medial arterial layers, which may be a pre-clinical stage in HIV-related vasculopathy (38). Other studies have established adventitial inflammation in the context of HIV infection is associated with a thinner media, and outward remodeling of the arterial wall that would ultimately lead to dolichoectasia (40, 107). Chronic HIV-induced damage to the inner endothelial layer could affect vascular compliance, which could at least partially explain the arterial luminal changes observed in brain MRI studies of PLWH (59, 68, 108).



CEREBROVASCULAR REMODELING AND HIV-ASSOCIATED NEUROCOGNITIVE DISORDERS IN THE cART ERA

HIV-associated neurocognitive disorders (HAND) refer to a wide range of neuropsychological impairments in the context of HIV infection. While the cellular and physiological mechanisms that lead to HAND remain poorly understood, they likely involve chronic neuroinflammation and have the potential to alter cerebrovascular architecture (109–111). HIV encephalitis and widespread neuronal loss, previously thought to have pivotal roles in the development of HAND, are no longer typically seen in PLWH on long-term, stable cART who present with neurocognitive impairments (112). While a recent study of histopathological phenotypes associated with HAND showed that pre-synaptic degeneration may precede somatodendritic degeneration and lead to neurocognitive impairment (113), the study cohort was composed of individuals with more advanced illness and high frequency of HIV encephalitis, which may not be reflective of the growing PLWH population who remain in long-term cART (114). The introduction of cART, in fact, reduced the overall frequency of HIV encephalitis from 54% to less than 15% (115, 116). However, markers of HIV-induced inflammation in the CNS are still present after viral replication has been suppressed by cART (117, 118). The post-cART pathology of HAND seems to have shifted to subtler, chronic neurodegeneration, affecting more cortical regions (119).

The effects of aging, chronic HIV infection and chronic cART may interact and cause neurodegeneration. These mechanisms include neuroinflammation, oxidative stress, DNA damage, cell senescence and defective proteostasis (proteasome, proteolysis and autophagy disfunctions) (120). These common alterations may be synergistic and lead to abnormal accumulation of proteins typically involved in neuronal damage and dementia (Amyloid β, Tau, α-synuclein). Dementia cases associated with HIV in the post-cART era usually also show diffuse astrogliosis, microglial nodules, white matter alterations and vascular changes with peri-vascular lymphocytic infiltration (121). Due to the several common and overlapping molecular markers involved, trying to differentiate HAND from the mechanisms of normal aging, Alzheimer's disease, vascular and other forms of dementia continues to be a source of controversy and debate (122). Vascular disease of the brain, however, is almost universally thought to play a role in post-cART HAND (6, 114, 123, 124).

Neuroinflammation associated with HIV infection has the potential to compromise normal cerebrovascular function. While HIV-induced intracranial large artery atherosclerosis would restrict blood flow, the infection may also cause cerebral small vessel disease (CSVD), further affecting cerebral perfusion (15, 125–130). While CSVD in the general population is largely associated with hypertension, diabetes, and aging (131), PLWH on cART seem to be at even higher risk, unexplained by those exposures alone. A French study, for instance, revealed that PLWH with well-controlled infection had twice the prevalence of silent CSVD as uninfected controls (129). The authors put forward HIV infection as an independent risk factor for CSVD. An American study, on the other hand, suggested that HIV infection and CSVD are independent, additive processes that together cause brain atrophy and cognitive impairment (132). The direct effects of HIV on cerebral vessels are also difficult to separate from the potential toxic effects of long-term cART. A US-based cross-sectional study, for instance, showed an association between CSVD and cART regimes that include protease inhibitors (133), after adjusting for diabetes. Mild CSVD itself, the same study showed, was associated with HAND.

Irrespective of the specific mechanisms, post-cART HIV infection increasingly seems associated with cerebrovascular dysregulation and, ultimately, vascular remodeling leading to neurocognitive dysfunction, especially in aging PLWH (116, 134). Small and large intracranial vessel remodeling, particularly atherosclerosis for those on long-term cART, could be contributing factors to cognitive impairment in older PLWH (124). In a 2014 US-based cohort study, PLWH who were over 50 years of age were twice as likely as younger PLWH to have HAND, even after adjusting for dementia risk factors (135, 136). A similar risk disparity has been observed in South African aging cohorts (137, 138). HAND risk increases seen with age, however, remain confounded by the increasing prevalence of cerebrovascular risk factors in aging PLWH (139, 140). A 2010 US cohort study of 1,555 adult PLWH, for instance, found that older age, elevated blood pressure, BMI, high cholesterol, and a prior diagnosis of AIDS were all associated with worse neuropsychological performance (141).

A 2016 American cohort study of 197 PLWH showed that only 10% had a measurable improvement of HAND after cART introduction, with 77% remaining more or less neurocognitively stable and 13% deteriorating to more severe HAND while on cART (142). The START trial, on the other hand, failed to confirm major improvement of HAND brought on by early cART (14, 140). HAND, for the most part, does not seem to progress in most PLWH on stable cART after immune reconstitution. Still, for patients diagnosed with HAND who initiate cART, HAND rarely resolves completely. Some alterations in brain function induced by HIV infection may therefore be structural, longer lasting and/or unpreventable even by stable cART. In a US-based 2019 brain bank study that included 94 PLWH, researchers performed antemortem measures of motor functioning, processing speed, working memory, verbal fluency, and executive functioning (143). They reported an association between brain arterial wall thickening and poorer global cognitive score, processing speed and verbal fluency. Associations were independent of traditional vascular risk factors, CD4 count, viral load, or cART use. Intracranial arterial wall thickening was also associated with both incident and, more strongly, with worsening HAND at the time of death. The effects that classic vascular risk factors have on cognitive performance appear greater in studies of cohorts with higher CD4 counts (143, 144). The association between classical vascular risk factors and cognitive performance may therefore be outweighed by the effects of persistent immunosuppression.

Even accounting for limitations in sample size and biases inherent to autopsy series, the 2019 brain bank study mentioned above (143) signals a potential role for arterial remodeling in HIV-associated neurocognitive decline. This role was studied in vivo in a 2018 US-based cross-sectional analysis of 72 PLWH and 36 HIV-seronegative controls, all over 50 years of age (111). The authors found an association between markers of vascular remodeling (specifically, lower Tie-2, and higher VEGF) and worse neurocognitive function only in PLWH, suggesting that HIV infection moderates this association. Variables other than HIV itself linking arterial remodeling with HAND, however, cannot been ruled out. Brain arterial wall thickening is, after all, naturally associated with aging, Alzheimer's disease and other forms of dementia (145). Moreover, while atherosclerosis is a frequent phenotype of arterial inward remodeling, it is not the only one (146, 147). Compensatory intimal thickening with no atheroma may result from the normal aging process, resulting in wall thickening and arterial stiffness (145, 148). Diabetes, also associated with HAND, could likewise confound the association between arterial remodeling and cognitive scores (149, 150). In the same 2019 brain bank study from above (143), possible mechanisms linking viral suppression, lumen preservation, and cognition remained undetermined. That viral suppression and cART use were both associated with larger luminal diameters and better cognition was, nonetheless, highly suggestive (143, 151). It is also possible that HIV-associated inflammation may act as an effect modifier in the association between intracranial arterial wall thickness and cognition, as opposed to having an individual causal effect. Further studies measuring systemic inflammation and cerebrovascular pathology would be necessary to test if this is the case. Still, there is accumulating evidence of a possible role for HIV-induced vascular remodeling in the development and progression of HAND post-cART initiation, a role that should be further explored.

While more severe forms of HAND have become rare post-cART (43), there is evidence for widespread vascular cognitive impairment (VCI) in aging PLWH, albeit in milder and subclinical forms (129, 143, 152, 153). VCI refers to all types of cognitive disorder associated with cerebrovascular disease, regardless of specific mechanisms (154). It comprises cognitive deficits ranging from mild cognitive impairment to dementia. While the neuropsychological and neuroimaging phenotypes of VCI and HAND are largely overlapping and may even represent aspects of the same neuropathological entity for PLWH, the literature mostly describes them independently (43). In PLWH on long-term cART, mild forms of both HAND and VCI are associated with persistent subclinical or clinical cerebrovascular disease, with HIV acting as a vascular risk factor (34, 155, 156). Further studies have posited that HIV-induced chronic immune activation, immune senescence, viral reservoir activity, microbial translocation, and reactivation of its commonly associated pathogens (such as CMV and herpes simplex) are also involved in mild HAND and VCI (112, 114, 157, 158).

Although the exact causes remain unknown (and are sure to be multifactorial and complex), both VCI and HAND are thought to be, at least partially, generated and/or worsened by HIV-induced cerebrovascular disease (110, 159). HIV-induced intracranial arterial remodeling may therefore play a pathogenic role in both entities. Some researchers have put forward a new hypothesis proposing that the neurovasculature may actually be a primary target for chronic HIV injury (112, 160). Endothelial cell surfaces, they propose (and we have discussed), are chronically perturbed in PLWH who are successfully treated and virally suppressed. This, they posit, leads to chronic alteration of the neurovascular unit, altering the brain's arteries, microvasculature and, subsequently, blood perfusion. Results from the National NeuroAIDS Tissue Consortium brain gene array study may back up this theory (160). The authors of that study found that HAND (without HIV encephalopathy) is characterized by abnormal regulation of gene transcription in brain endothelial cells (161). This chronic alteration of neurovascular biology may be a prevalent process in virally suppressed PLWH. Neurovascular unit damage-associated forms of VCI and HAND could indeed be the more prevalent forms in the post-cART. This would help explain the milder clinical profile of cognitive impairment in cohorts of PLWH on long-term, successful cART, in whom acute inflammatory infiltrates of the brain are rarely seen, while low-grade chronic immune activation is much more prevalent (6, 123, 162–165). In the patients who remain immunocompromised, however, acute inflammation would continue to be the more prevalent mechanism of injury to brain vasculature (112, 160).



CONSIDERATIONS REGARDING SARS-COV-2 AND HIV COINFECTION

The coronavirus disease 2019 (COVID-19) pandemic is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This virus binds to the angiotensin-converting enzyme 2 (ACE2) to infect cells (166, 167). This enzyme is expressed in the lungs, small intestine and brain (168). The expression of ACE2 in cortical neurons and glia makes them susceptible to SARS-CoV-2, which may explain the high incidence of anosmia and other neurological deficits seen in COVID-19 (169). In the brain, however, ACE2 is also expressed in endothelial and smooth muscle cells. ACE2 normally counteracts the effects of ACE1 and angiotensin II. Overexpression of ACE2 in neuronal cells and endothelial progenitor cells, in fact, has a protective effect from ischemic stroke (170, 171). As SARS-CoV-2 invades cells it depletes ACE2 through receptor endocytosis, leaving ACE1 unopposed. Resulting angiotensin II excess impairs endothelial function, leading to a proinflammatory state with organ-damaging effects seen in the lungs, heart and brain (172). SARS-CoV-2 proliferation in vascular endothelial cells also leads to endothelialitis (173). SARS-CoV-2 antigens can activate the complement system, macrophages, and neutrophils, further damaging endothelial cells. This injury may compound the loss ACE2's vasoprotective effects (174). This is particularly concerning given that even limited injury to the endothelium of cerebral vessels can initiate in situ thrombosis and lead to strokes (175, 176).

Recent retrospective studies of PLWH hospitalized due to COVID-19 conducted in the US, however, found no significant differences in clinical outcomes of PLWH compared to HIV-seronegative controls (177, 178). Cohort studies conducted in Spain similarly reported a lack of significant differences in COVID-19 hospitalization outcomes for the two groups (179, 180). One of those studies further noted that PLWH receiving cART regimes that included tenofovir disoproxil fumarate with emtricitabine had indeed lower risk of COVID-19 infections and hospitalizations, compared to PLWH receiving other cART regimes (180). But these results remain in need of confirmation in other populations. While possible interactions of SARS-CoV-2 and HIV are actively being researched, the possible long-term effects remain unknown, especially as it relates to PLWH on long-term cART. It is possible that SARS-CoV-2 may compound endothelial damage brought on by chronic HIV infection in the brain vasculature, with certain cART regimes offering more protection from these effects. Nevertheless, the research on SARS-CoV-2 infection in PLWH is still too nascent to offer any conclusions.



DISCUSSION

The vast majority of PLWH reside in low-to-middle-income countries, where overall stroke incidence has more than doubled in the last 40 years (181, 182). It is thus expected that global stroke incidence in PLWH will continue to increase (183). In high-income countries, on the other hand, the absolute numbers of stroke in PLWH on cART are comparatively low (42). Nonetheless, the relative rise in HIV-associated ischemic stroke post-cART introduction is still a public health concern. Therefore, developing the capacity to prevent cerebrovascular morbidity and mortality in an aging PLWH population constitutes an increasingly urgent public health priority, for both low-to-middle- and high-income countries.

The literature reveals that PLWH on cART still suffer higher rates of cerebrovascular disease than the general population (10–13). Stroke in PLWH occurs pre-maturely and is less associated with traditional risks factors compared to HIV-seronegative controls (11, 12, 32, 33). Ischemic stroke is the type most often associated with HIV in the post-cART era, with hemorrhagic stroke remaining the more frequent form in immunocompromised PLWH (3, 22, 23, 184). But significant gaps in the literature remain regarding the specific pathophysiology of cerebrovascular disease in PLWH. These gaps may preclude health providers and researchers from more accurately assessing and preventing cerebrovascular risk in PLWH, compared to HIV-seronegative populations. Still, considering the available data, emphasizing cardiovascular risk reduction interventions to optimize cardiovascular health is essential for maintaining brain health in an aging PLWH population. Such interventions may mitigate the effects of HIV-associated pathological cerebrovascular remodeling, when combined with appropriate and sustained cART (132).

Increasing evidence shows that vascular endothelium is affected by circulating HIV products in the context of long-term cART, even with low or undetectable viremia and no discernible direct interaction between endothelial cells and the virus (51–53). HIV-induced endothelial dysfunction is a likely precursor to arterial remodeling. The endothelium may initiate and propagate atherogenesis while also inducing thrombus formation, pre-disposing PLWH to ischemic stroke (2, 57). In order to minimize the effects of HIV in brain vascular endothelium, cART regimes that are more likely to reach and maintain therapeutic concentrations in the CNS should be favored. Still, the complex interactions between HIV-infection, circulating HIV particles, cART, and traditional cerebrovascular risk factors leading to arterial remodeling remain poorly understood. Additionally, endothelial damage induced by of SARS-CoV-2 and HIV coinfection, in the context of the COVID-19 pandemic, is a possibility. This and other possible long-term effects of the COVID-19 pandemic on PLWH on cART, however, remain to be seen.

HIV infection is associated with inward remodeling in general, and atherosclerosis in particular, of intracranial arteries (57, 82). Because lower CD4 nadir is associated with intracranial large artery atherosclerosis, even after prolonged immune reconstitution brought on by cART (89), proper population screening leading to early HIV diagnosis is essential. Early diagnosis would allow for the start and maintenance of cART before an accentuated drop in CD4 occurs, which could potentially help prevent brain atherosclerosis associated with a lower CD4 nadir.

Arterial remodeling may also play a role in HAND, especially in the milder forms which patients on stable cART more often express (116, 134). Both small and large vessel atherosclerosis have been linked to cognitive impairment in older PLWH (124). Long-term cART and viral suppression, on the other hand, were associated with larger intracranial arterial vessel diameters and better cognition (143, 151). The current literature shows that treated HIV infection is associated with premature aging, which affects the brain (128). However, the extent of the overlap between HIV-induced changes in the brain of PLWH, non-HIV types of dementia, and normal aging, remains a matter of debate. While the exact mechanisms through which PLWH on cART develop VCI and HAND are unknown, they are at least partially originated or worsened by intracranial cerebrovascular remodeling (110, 159). Interventions aimed at preventing pathological brain vascular remodeling may, therefore, have some positive effects on the overlapping forms of HIV-associated cognitive decline post-cART. Such interventions and their effects are also targets for future research.

Neuroimaging may have a role to play in the future of cerebrovascular risk assessment and prevention in HIV infection. MRI techniques have been able to detect the arterial wall thickening and atherosclerosis associated with treated HIV infection (91, 92). MRI also showed some promise in measuring HIV-associated vasculopathy in vivo. A recent imaging study, for instance, showed that anterior cerebral artery caliber was higher in PLWH compared to controls, but higher CD4 T cell count and longer-treated HIV infection were associated with decreases in that same caliber (68). MR imaging may therefore be used in the future to assist in elucidating the natural history of arterial remodeling in successfully treated HIV infection, but the current literature on this subject remains limited and inconclusive. The clinical and screening applications of imaging these for the benefit of PLWH cerebrovascular health remains to be tested.

No pharmacological interventions were found in the literature that would significantly reverse HIV-associated pathological brain arterial remodeling. For the general population, statin therapy has shown some effect on improving pathological remodeling phenotypes and atheroma composition, leading to modest improvement of microvascular function in coronary artery disease (185). Statins have also shown some protective effects against stroke and other embolic events in patients with aortic atherosclerotic plaques (186). Therapeutics that would reverse pathological arterial remodeling in the brain of PLWH, however, have not been studied. Therefore, it is recommendable that effective HIV long-term care continues to be accompanied by standard cardiovascular risk prevention, which has the potential to impede the progression of pathological vessel remodeling. More research leading to an improved understanding of brain arterial remodeling phenotypes associated with HIV may reveal further therapeutic targets. These targets would present opportunities to reduce the burden of cerebrovascular disease and cognitive impairment in the aging population of PLWH on cART.
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The HIV-1 pandemic is a significant challenge to the field of medicine. Despite advancements in antiretroviral (ART) development, 38 million people worldwide still live with this disease without a cure. A significant barrier to the eradication of HIV-1 lies in the persistently latent pool that establishes early in the infection. The “shock and kill” strategy relies on the discovery of a latency-reversing agent (LRA) that can robustly reactivate the latent pool and not limit immune clearance. We have found that a benzodiazepine (BDZ), that is commonly prescribed for panic and anxiety disorder, to be an ideal candidate for latency reversal. The BDZ Alprazolam functions as an inhibitor of the transcription factor RUNX1, which negatively regulates HIV-1 transcription. In addition to the displacement of RUNX1 from the HIV-1 5′LTR, Alprazolam potentiates the activation of STAT5 and its recruitment to the viral promoter. The activation of STAT5 in cytotoxic T cells may enable immune activation which is independent of the IL-2 receptor. These findings have significance for the potential use of Alprazolam in a curative strategy and to addressing the neuroinflammation associated with neuroHIV-1.

Keywords: HIV-1, latency, alprazolam, stat5, latency reversing agent, runx1


INTRODUCTION

HIV-1, the causative agent of AIDS, is a retrovirus that has infected ~38 million people worldwide (1). While the advent of ART therapy has transformed the pandemic from a severe and acute condition to a chronic and manageable one, there is currently no cure for the disease due to the persistence of an HIV-1 latent reservoir (2). Integration of the HIV-1 viral DNA into host chromatin is an irreversible step in the HIV-1 life cycle, after which the activity of HIV-1 transcription is dependent on both viral and host transcription factors (3). One of the main targets of HIV-1 is CD4+ T cells. After infection, the vast majority of these target cells support replication of the virus. During this productive infection, the 5'long terminal repeat (LTR) of the HIV-1 genome acts as an inducible promoter within the host chromatin to drive viral transcription (4, 5). In a small portion of infected cells, HIV-1 remains non-productive and transcriptionally silent, therefore the viral genome persists stably in the host chromatin, and latent transcription allows the infected cell to dodge immune surveillance and its cytopathic fate (4, 6–8).

However, the condition of latency is reversible. With the correct stimulation, latent HIV-1 can be reactivated. A strategy termed “Shock and Kill” aims to purge the latent reservoir by reactivating non replicating viral genomes and resubmit the infected cells to immune clearance (9–11). One of the main obstacles in this strategy is to find chemical stimuli that not only reactivate latent virus efficiently but also promote immune clearance. While many latency reversal agents (LRAs) from different classes have been tested in laboratory settings and clinical trials, they fall short of reducing the size of the latent reservoir due to deficiencies in reactivating potential and prompting proper immune response (11–14). One example is the widely tested FDA-approved drug- Vorinostat (SAHA). Originally developed for cancer treatment as a histone deacetylase (HDAC) inhibitor, it was found to reactive latent HIV-1 transcription. However, studies suggest that HDAC inhibitors negatively impact CTL response (15–17). In short, new stimuli for latency reversal are needed and the purpose of this study is to explore a promising host candidate, RUNX1, as a target to switch viral transcription back on. The Runt related transcription factor 1 (RUNX1) is a critical host factor required for permanent silencing of CD4 in maturing CD8+ T cells (18, 19). The RUNX1 protein contains a DNA binding domain, forms a heterodimer with binding partner CBF-β to efficiently bind to DNA and regulates transcription by recruiting additional transcription factors (20). RUNX1 functions as a platform to recruit other transcription factors that have an effect on transcription. Therefore, it can serve as both an activating and a repressing factor (21–23). RUNX1 binding to the consensus sites within the CD4 silencer region is crucial for T cell differentiation through the recruitment and binding of many additional transcription factors such as HDACs and histone methyltransferase (HMT) (24, 25). RUNX1 has also been shown to bind to positive transcription elongation factor (p-TEFb), which allows RUNX1 to contribute to CD4 silencing and may facilitate HIV-1 transcriptional silencing (26–28).

The HIV-1 LTR contains a RUNX1 binding site and the binding of RUNX1 to the HIV-1 LTR suppresses HIV-1 transcription (29, 30). Using Ro5-3335, a benzodiazepine (BDZ) compound known to interfere with RUNX1 and CBF-β function, HIV-1 transcription can be moderately reactivated (29, 30). However, since Ro5-3335 in addition to inhibiting RUNX binding also inhibits Tat (31), an important viral protein that drives transcription, it is not an ideal candidate for the shock and kills strategy to reverse HIV-1 latency. The search for an ideal RUNX1 inhibitor and LRA led to the use of another BDZ compound, Alprazolam. Alprazolam was found to robustly reactivate latent HIV-1 transcription without negatively impact Tat function (29, 30). We speculated that Alprazolam might interact with RUNX1 in a similar fashion as Ro5-3335, however, the detailed mechanism was unknown.

Benzodiazepines (BDZs) such as diazepam (Valium) and Alprazolam (Xanax), are effective anxiolytic (anti-anxiety) agents approved by the FDA for the treatment of panic and anxiety disorders. This effect is the result of the ability of BDZs to positively allosterically regulate the gamma-aminobutyric acid (GABA)-A receptor in the central nervous system (CNS) (32). BDZs have well-described pharmacokinetics and penetrate the blood-brain barrier (32, 33), making them an attractive therapy to address issues in the CNS. Persistent HIV-1 infection of CNS reservoirs drives a spectrum of neuropathologic, behavioral, and cognitive effects (34–43). Even with effective ART therapy, these neuropathologies are apparent in HIV-1 infected individuals (44, 45). The adverse neurologic outcomes associated with HIV-1 infection are thought to be primarily driven by chronic neuroinflammation (46–48). Understanding the mechanisms by which BDZs affect HIV-1 transcription and any associated effect on immune function may allow us to design therapies to address the latent reservoir and immune dysfunction in both the periphery and the CNS.

This study presents evidence that Alprazolam is working as a bona fide RUNX1 inhibitor and drives Signal Transducer and activator 5 (STAT5) recruitment to the HIV-1 LTR driving latency reactivation. In the CNS, STAT5 is expressed in the hypothalamic arcuate nucleus (ARC), dopaminergic and somatostatin neurons (49–51) and preferentially activated by granulocyte-macrophage colony-stimulating factor (GM-CSF). It has been shown that HIV-1 infection negatively impacts the activation level of both STAT5 and GM-CSF and therefore may impair macrophage function (52). GM-CSF has been tested as an adjuvant of ART in clinical studies and demonstrated to improve host defense and immune outcomes such as increased CD4+ T cell count and decreased plasma HIV-1 RNA detected in HIV-1 patients. The mechanism behind such effect is unclear but may be associated with STAT5 activation (53, 54).

The cytotoxic T cells (CD8+ T cells) are essential in the recognition of virally infected cells and foreign antigens. IL-2 is responsible for CD8+ T cell activation and the differentiation into potent effector cells to elicit rapid expansion and eradicate infections (55). STAT5 is activated by a wide variety of cytokines and growth factors, including IL-2 and GM-CSF, through phosphorylation. STAT5 is a 90kDA protein encoded by two closely related genes (STAT5a and STAT5b), located on human chromosome 17 (56). The activation by phosphorylation is targeted to the tyrosine residue 694 and 699 on STAT5A and STAT5B, respectively, by the receptor-associated Janus family tyrosine kinase (Jak) (57). Activated STAT5 then dimerize as a STAT5A/B heterodimer, translocate to the nucleus, and induce gene transcription that is crucial to T cell survival, proliferation, and cytokine production (56, 58, 59). The STAT5a/b heterodimer commonly binds to the consensus sequence TTC (T/C) N (G/A) GAA which is the interferon gamma-activated sequence (GAS) motif (60). STAT5 binding site was also found on the HIV-1 promoter (61) and we show that the activation of STAT5 via Alprazolam may potentiate IFNγ production in CD8 T cells. This study shows evidence to demonstrate that Alprazolam acts as a RUNX1 inhibitor and potential LRA that may positively impact immune response toward HIV-1 infected cells.



RESULTS


BDZs That Alter RUNX1 Activity May Directly Interact With RUNX1

Our recent publication provided evidence that BDZs alter the epigenetics of the integrated HIV-1 LTR and activate viral transcription (30). The structural similarities of clinically relevant BDZs such as Alprazolam, Diazepam, and Clonazepam to the RUNX1 inhibitor Ro5-3335 suggests that these compounds also interact with RUNX1 to affect its function. Although studies have shown interactions between Ro5-3335 and RUNX1, no information is currently available on how these two molecules interact.

To investigate whether the structural similarities between BDZs and Ro5-3335 translates into being able to interact with RUNX1, docking studies were performed. We evaluated the potential interaction of Ro5-3335, Alprazolam, Clonazepam, and Diazepam using the docking programs Gold and Autodock. We chose to also investigate whether these compounds may prefer the liganded or unliganded forms of RUNX1. The unbound (PDB:1EAN) (Figure 1A) and the bound (PDB: 3WTS) (Figure 1B) structures of RUNX1 share an overall backbone structure but differ in the orientation of several side chains. Druggable sites were found on each structure through quick blind docking of the ligands using the two docking software to the entire protein. Subsequently, these pockets were selected for further in-depth analysis using the cluster analysis function of Autodock4 (62, 63). Only alprazolam and diazepam were predicted to bind to the unbound form (Figure 1A), while alprazolam, diazepam and Ro5-3335 were predicted to bind to the bound form (Figure 1B).


[image: Figure 1]
FIGURE 1. Binding modes of benzodiazepines to RUNX1. (A) Alprazolam (cyan), diazepam (green), and R05-355 (purple) were predicted to bind at the bound pocket. Alprazolam has the highest POSIT probability (0.99 vs. 0.42 for diazepam and 0.72 for R05-355). (B) Only alprazolam (cyan) and diazepam (green) were predicted to bind at the unbound-RUNX1 pocket. Alprazolam has the highest POSIT probability (0.99 for alprazolam vs. 0.5 for diazepam).


This analysis suggests that these BDZs could interact with RUNX1 and that their potential binding sites are on a face distinct from the known interaction regions for DNA and CBFβ. Additionally, these analyses suggest a second binding pocket on RUNX1 that may be engaged only by Alprazolam and diazepam, but not Ro5-3335 and clonazepam. The differential binding modes suggest that Alprazolam and diazepam may mediate other effects on RUNX1 function beyond that seen with Ro5-3335.



Alprazolam Alters the Expression of RUNX Responsive Genes in PBMCs

To determine if Alprazolam functions as a RUNX1 inhibitor we examined the expression of several RUNX responsive genes in PBMCs in response to Ro5-3335 and Alprazolam treatments (Figure 2). PBMCs from three HIV-1 patients were treated with alprazolam or Ro5-3335 for 48 h. RNA was harvested using Trizol and cDNA was synthesized by reverse transcription. qPCR was performed using primers for five known RUNX1 responsive genes: APOBEC3C, APOBEC3G, T-bet, IL7R, and IL-2 (64–70). As expected, as a RUNX1 inhibitor, Ro5-3335 significantly suppressed the expression of all the selected RUNX responsive genes except IL-2. Similarly, Alprazolam treatment resulted in a statistically significant decrease in APOBEC3C, APOBEC3G, and T-bet expression. IL-2 has been reported to be negatively regulated by RUNX1. In this assay, treatment of cells with Ro5-3335 and Alprazolam resulted in no statistically significant change in IL-2 expression. The suppression of APOBEC3C, APOBEC3G and T-bet mRNA in a manner similar to the known RUNX1 inhibitor Ro5-3335 suggests that Alprazolam inhibits RUNX1.
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FIGURE 2. Effect of alprazolam ex vivo on RUNX1 responsive genes. Peripheral blood mononuclear cells (PBMC) from three HIV-1-1 positive individuals were treated with 10μM Alprazolam or Ro5-3335 for 48 h. RNA was harvested using Trizol and cDNA was synthesized by RT reaction. qPCR was performed for five known RUNX responsive genes: (A) APOBEC3C, (B) APOBEC3G, (C) Tbet, (D) IL-7R and (E) IL-2. Expression levels are plotted as GAPDH normalized expression with the levels in the control for each individual. Dots represent each individual data point and graphs show the average. ANOVA was used to determine statistical differences. *p < 0.05.




Effect of Ro5-3335 and Alprazolam on IL17 Promoter-Reporter

We next sought to determine if Alprazolam could suppress RUNX1 mediated transcription in a reporter assay. RUNX1 is known to form a complex with ROR⋎t, the orphan nuclear receptor, and bind to IL17 enhancer and promoter to up-regulate IL17 expression (71, 72). We tested the ability of Ro5-3335 and Alprazolam to alter the expression of luciferase under the control of the IL17 promoter. We hypothesized that a RUNX inhibitor should be able to suppress the activity of the IL17 promoter. 293T cells were transfected with an IL17 promoter luciferase reporter plasmid and treated with Ro5-3335 and Alprazolam (Figure 3). As expected, Ro5-3335 inhibited IL17 promoter activity in a dose-dependent fashion with a maximal decrease in activity of 95.56% observed at 100 nM. Alprazolam also induced a dose-dependent decrease in luciferase activity with the greatest inhibition noted at 1μM (76% inhibition). These experiments demonstrate that alprazolam has an effect on the expression from IL17 promoter, but at higher concentrations than Ro5-3335 with IC 50 at 43.25 nM and 1.53 nM, respectively (Supplementary Figure 1).
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FIGURE 3. Effect of alprazolam on IL17. 293T cells were transfected with IL17-luciferase reporter plasmid and treated with Ro5-3335 or alprazolam. Luciferase activity was measured using a luciferase assay kit. Luciferase light units after treatment with RO5-3335 or alprazolam with overexpression of RUNX1. ****P ≤ 0.0001, ns = not significant.




Benzodiazepine Activation of the LTR Is Associated With Recruitment of STAT5 and CBP/P300

Considering that Ro5-3335 reactivates HIV-1 transcription through RUNX1 inhibition, we hypothesize that Alprazolam may produce the same effect. To evaluate the latency reactivation potential of Alprazolam, TZMbl cells, a Hela derived cell line with HIV-1 LTR- driven luciferase reporter was used to measure transcriptional activation. TZMbl cells were treated with Alprazolam, or two additional BDZs: Ro5-3335 and Clonazepam at 10μM, with or without 5μM SAHA for 48 h. After which, cells were lysed and luminescence was measured. As expected, SAHA as an HDAC inhibitor increased the amount of LTR activation. All BDZs tested, including Alprazolam, Clonazepam and Ro5-3335 also activated the LTR and displayed a moderate additive effect when combined with SAHA (Figure 4A). To understand the mechanism of the BDZ-driven activation, ChIP analysis was performed. STAT5 is an important signal transactivator induced by cytokines and interleukins, and a coactivator of CBP/P300 which plays an important role in transcriptional activation. Previous studies have revealed a role for RUNX1 in suppressing STAT5 activity due to a >50% chance of sharing a binding motif (73, 74). ChIP revealed as RUNX1 is dislodged from the HIV-1 LTR by Alprazolam (Figure 4B), a significant increase in the amount of STAT5 and CBP/P300 recruited to the HIV-1 LTR when HIV-1 LTR transcription was reactivated by Alprazolam and Ro5-3335, respectively. While the treatment with Clonazepam does not affect STAT5 nor CBP/P300 recruitment, SAHA and Ro5-3335 treatment negatively impacted STAT5 recruitment (Figure 4C). This is in agreement with our recently published findings that show recruitment of STAT5 and CBP/P300 to the HIV-1 LTR in the presence of alprazolam, but not clonazepam nor Ro5-3335 (30).
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FIGURE 4. Recruitment of STAT5 and CBP/P300 to the LTR by benzodiazepines in TZMBL Cells. TZMBL cells were treated with Benzodiazepines: RO5-3335, Alprazolam and Clonazepam with or without HDACi SAHA for 48 hrs at the indicated concentrations. (A) Cells were lysed and LTR driven luciferase was determined. (B) ChIP analysis was performed to determine RUNX1 binding to the HIV-1 LTR. (C) ChIP analysis was performed to determine STAT5 and CBP/P300 binding to the HIV-1 LTR. **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, ns = not significant.




The Loss of RUNX1 Binding to the HIV-1 LTR Also Increases the Recruitment of STAT5 and CBP/P300

We next sought to determine if elimination of the RUNX1 binding site in the HIV-1 LTR would similarly increase STAT5 recruitment. To study the effect of RUNX1 binding on HIV-1 replication, an HIV-1 molecular clone that has a mutation in the RUNX1 binding site was constructed using site-directed mutagenesis. Our lab has shown that RUNX1 binds to U3 of the HIV-1 LTR (29). A point mutation in the first and second residues in the RUNX1 binding site, 55-60bp downstream of the beginning of the HIV-1 LTR (from ACCACA to CACACA), was performed as mutation of these nucleotides abrogates RUNX binding and eliminates RUNX1 effect on an HIV-1 LTR driven reporter (29). Mutations were generated in the 3′LTR of pNL4-3, as the U3 region from the 3' LTR is propagated during reverse transcription. Moreover, because the nef gene overlaps with the RUNX1 binding site at the 3′ LTR and nef is dispensable in the cell culture, mutations were generated in a nef-minus (Δnef) virus. The resulting proviral plasmid was designated pNL4-3 Δnef mutRUNX BS (ΔRUNX). We transfected the Δnef and ΔRUNX molecular clones into J-LTR-GFP cells and observed viral replication as measured by the accumulation of GFP+ cells over time. We observed faster replication kinetics in cells infected with the ΔRUNX compared to wildtype (WT) and ΔNef viruses, which is consistent with an increase in LTR activity upon inhibiting RUNX1 (Figure 5A). Similar results were seen when we infected Jurkat cells with Δnef or ΔRUNX virus and measured virus production in the supernatant over time (Figure 5B). To understand the effect that mutating the RUNX1 binding site has on HIV-1 viral fitness we performed a competition assay over multiple rounds of infection. J-LTR-GFP cells were infected with ΔNef and ΔRUNX viruses at a 1:1 ratio of infectious units. Cells were washed after 24 h and GFP expression was measured for 14 days. Supernatant from the peak of infection was used to infect the next round. After three rounds RNA was extracted from supernatant from the peak of each infection and RT-PCR was performed against the LTR to generate fragments for TA cloning and subsequent sequencing. The relative abundance of each virus (Δnef or ΔRUNX) was determined for each round (Figure 5C). An increase in the abundance of ΔRUNX was observed in each round (1.06-fold, 1.17-fold, and 2.5-fold). Taken together this data indicates that the ΔRUNX virus has better fitness than the Δnef control virus.
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FIGURE 5. Deletion of the RUNX1 binding site from the HIV-1 LTR enhances replication kinetics relative to WT. (A) J-LTR-GFP cells were transfected with pNL4-3 WT, ΔNef, ΔRUNX molecular clones and replication was monitored by measuring the percentage of GFP positive cells in the culture every 2-3 days post-transfection. (B) Jurkat cells were infected with equal nanogram quantities of viral stocks for ΔNef or ΔRUNX and replication was followed over time by p24 ELISA. (C) A competition assay was performed where J-LTR-GFP were infected with equal infectious units of the two viruses and supernatant from the peak of infection was used to infect a new round of cells. Extracellular RNA isolated from the peak of each round of infection was amplified using primers against the LTR and sequenced to be able to determine the relative abundance of each virus in each round of infection.


Treatment of cells containing an integrated HIV-1 LTR with RUNX1 inhibitors Ro5-3335 or alprazolam showed an increase in LTR associated STAT5 and associated transcription (Figure 4). To verify the effect of decreased RUNX1 binding on primary cells, PBMC from healthy donors were infected with Δnef or ΔRUNX (Figure 6A). Infected PBMCs at 48 h post-infection were fixed for ChIP-qPCR analysis. ChIP for RUNX1 confirmed that mutating the RUNX1 binding site results in loss of RUNX1 at the integrated HIV-1 LTR in primary cells infected de novo (Figure 6B). Elimination of the RUNX1 binding site increased the presence of STAT5 and subsequently CBP/P300 on the LTR (Figures 6C,D).
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FIGURE 6. Recruitment of STAT5 and CBP/P300 to the LTR in Primary Cells with RUNX1 binding inhibition. PBMC blasts from healthy donors were infected with ΔNef or ΔRUNX. (A) Viral replication was followed over time by p24 ELISA. After 48 h infection, PBMC cells were fixed and prepped for CHIP analysis with IP targeting (B) RUNX1 (C) STAT5 and (D) CBP/P300. **P ≤ 0.01, ***P ≤ 0.001.




Alprazolam Increases the Global Phosphorylation and Activation of STAT5

Alprazolam induces the recruitment of the transactivator STAT5 to the HIV-1 LTR (Figure 4C). However, it was unclear whether this effect is specific to the HIV-1 LTR or due to broad activation of STAT5 due to RUNX1 inhibition. To examine this, Phospho-Tag Gel was used to further retard the movement of phosphorylated proteins in the gel and western blotting was performed to visual STAT5 specifically. TZMbl cells were treated with Alprazolam at the concentration of 0uM, 0.1um, 1uM, and 10uM. The increase of phosphorylation on STAT5 is dose-dependent when TZMbl cells were treated with 1uM and 10uM of Alprazolam (Figure 7A). To verify phosphorylation on STAT5, TZMbl (Figure 7B), HEK293T (Figure 7C) and U87MG (Figure 7D) cells were treated with BDZs for 48 h followed by whole-cell protein extraction and western blot for STAT5 protein. It was discovered that Alprazolam does not increase the expression of unmodified STAT5, yet it does increase the amount of Y694 phosphorylated or activated STAT5. Ro5-3335 and Clonazepam, compounds that did not induce STAT5 recruitment in our ChIP assays [Figure 4 and (30)] did not induce STAT5 phosphorylation. Densitometry analysis reveals an elevation in the ratio of activated STAT5 to global STAT5 is induced by Alprazolam treatment (Figure 7E).
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FIGURE 7. Expression of Activated STAT5 was increased when TZMBL cells were treated with Alprazolam. TZMBl (A, B), HEK293T (C) and U87MG (D) cells were treated with Benzodiazepines: 50 μM RO5-3335, 10μM Alprazolam, or 10μM Clonazepam for 48 h. Cells were lysed and whole cell lysate was collected and loaded onto an SDS-PAGE Gel (A) Phospho-Tag SDS-PAGE was performed to evaluate the dose effect of alprazolam on STAT5 phosphorylation. From left to right, TZMBL cells were treated with DMSO, 0.1μM, 1μM and 10μM of Alprazolam. (B–D) Western Blot was performed to evaluate the effect of Benzodiazepines on STAT5 expression and phosphorylation (E) Densitometry was performed and the ratio of activated STAT5 over global STAT5 was graphed.


Tyrosine phosphorylation of STAT5 proteins enables nuclear translocation and enhances transcriptional activity. We demonstrated that Alprazolam reactivates HIV-1 transcription specifically through the recruitment of STAT5 and elevation of STAT5 phosphorylation (Figure 7). To confirm whether Alprazolam also upregulates STAT5 mediated transcriptional activity, we utilized the HEK-BLUE IL-2 reporter cell line, a HEK293 derived cell line that contains the IL-2 receptor, signaling cascade through the tyrosine kinases of the Janus family (Jak1/Jak3) and the STAT5-inducible gene- secreted embryonic alkaline phosphatase (SEAP). HEK-BLUE IL-2 cells were seeded in a 96 well plate and treated with Alprazolam ranging from 1μM to 5μM, 50μM Ro5-3,335 or the positive and negative controls IL-2 and TGF-ß, respectively, for 24 h. SEAP protein was then harvested from the cell suspension, stained using QUANTI-BLUE, and measured using the absorbance read at 650 nm. Alprazolam was shown to robustly enhance STAT5 mediated activation in a dose-dependent manner (Figure 8A). This is consistent with the ChIP data that demonstrates that although both compounds function as RUNX1 inhibitors, only Alprazolam enables the recruitment of STAT5 to the HIV-1 promoter. Western blot analysis also shows an elevation of phosphorylated STAT5 on Y694 when HEK-Blue IL-2 is treated with Alprazolam but not Ro5-3335 nor Clonazepam (Figure 8B).
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FIGURE 8. Alprazolam activates a STAT5 sensitive reporter. HEK-Blue-IL2 cells were treated with indicated doses of IL-2, alprazolam or Ro5-3335 and incubated for 48 h at 37C 5% CO2. (A) Extracellular alkaline phosphatase activity was then measured by colorimetric assay. Results show the average absorbance of three replicates. **P ≤ 0.01, ****P ≤ 0.0001, ns = not significant (B) Western blot was performed to evaluate the effect of Benzodiazepines on STAT5 expression and phosphorylation.




Alprazolam Positively Affects Intracellular Production of IFNγ and TNFα in HIV-1 Gag Responsive CD8+ T-Cells From People Living With HIV-1

Evidence shows that ART treatment, while effective in reducing viral load in a patient, also negatively impacts their CD8+ T cell response (75). The induction (or “shock”) of viral transcription is supposed to be followed by extermination of the reactivated cells by the crucial effector CTLs (76). Unfortunately, some LRA such as the HDAC inhibitors have been shown to suppress CTLs (77). STAT5 activation is critical in multiple immune functions, including T-cell response. We hypothesized that Alprazolam's ability to potentiate STAT5 activity might result in an improved response in CTLs. To test this, PBMCs from three HIV-1-infected subjects whose viral load had been suppressed on ART for >6 months were used to evaluate cytokine expression response to HIV-1 Gag peptides in the presence of 0.5 μM SAHA, 0.1 μM Alprazolam, the two in combination, or 0.1 μM Ro5-3335. In brief, PBMCs were treated overnight in RPMI supplemented with FBS and Glutamine. After treatment, cells were exposed to pooled HIV-1 Gag peptide and Golgi Stop (BD Biosciences), to prevent the export of cytokines, for 6 h before intracellular cytokine stating for IFNγ, IL-2, and TNFα was performed (Figure 9, Supplementary Figure 2). The addition of either SAHA, alprazolam or Ro5-3335 before Gag peptide treatment allowed us to examine changes in Gag induced cytokine expression in response to these drugs. Although SAHA treatment decreased the percentage of cells expressing IFNγ and TNFα in cytotoxic T cells in response to Gag in four of five subjects; the changes were not statistically significant. Alprazolam treatment caused more IFNγ and TNFα production than either SAHA, SAHA and Alprazolam combined, or Ro5-3335 treatment (Figures 9A,B). None of the treatments affected the number of cells expressing IL-2 in response to Gag (Figure 9C). Alprazolam has no effect on any of the three cytokine production in CD4 + T cells (Supplementary Figure 3).
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FIGURE 9. The effect of alprazolam and SAHA on Gag specific CTL response. PBMCs from 5 HIV-1 positive individuals suppressed on therapy were treated with vehicle control, 500 nM SAHA, 100 nM alprazolam, SAHA plus alprazolam or 100nM Ro5-3335 overnight and then exposed to a set overlapping Gag peptides in the presence of Brefaldin A for 6 h. Cells were stained for live/dead marker, CD3, CD4, CD8 and cytokines of interest. The number of (A) IFNγ, (B) TNFα (C) IL-2 expressing CD8+ T-cells for each condition is shown normalized to untreated control. *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001, ns = not significant.





DISCUSSION

CD8+ T cells are an important part of the immune response toward viral infection (78). CD8+ T cells rely on direct (cell to cell interaction) or indirect (cytokine) stimulation mediated by CD4 T cells to differentiate into effector cells (79). Despite the effectiveness of ART, HIV-1 infection has been associated with defects in cytokine production and while SAHA, a promising LRA, demonstrates reactivating potential for latent transcription, the negative impact HDACi impose on the CTL response does not align with the objective of eradicating the HIV-1 reservoir (15–17). Alprazolam has been shown to robustly reactivate latent transcription (30). Our data suggest that Alprazolam may have additional utility due to the activation and recruitment of STAT5 to the HIV-1 LTR while SAHA negatively impacts the recruitment of STAT5. STAT5 binding to the HIV-1 promoter is directly associated with transcriptional activation of the HIV-1 genome. Interestingly, Alprazolam can also activate STAT5 in non-HIV-1 infected cells, therefore, despite CD8+ T cells being a non-target to HIV-1 infection, the activation of STAT5 in CD8 cells may have allowed increased biding of STAT5 on the IFNγ promoter and jump-start cytokine production. The ability to activate CD8 T cells without increased cytokine production from CD4+ T cells is beneficial from a therapeutic standpoint since CD4 T cell's immunoregulatory function is often dysregulated and HIV-1 disease progression is associated with the loss of CD4 T cells (Supplementary Figure 3) A study has demonstrated that a subset of ART-naive patients was unable to functionally activate STAT5 in response to IL-2 stimulation on their CD8+ T cells ex vivo (48). The use of Alprazolam as an alternative method to activate STAT5 may potentially help with patients who are resistant to the therapy.

STAT5 activation can occur in multiple parts of the HIV-1 life cycle. Interaction between the HIV-1 viral envelope gp120 and the CD4 receptor can induce STAT5 activation and DNA binding (57). HIV-1 Nef also indirectly activates STATs (60). During viral infection, interferons (IFNs) induce transcription of interferon-stimulated genes (ISG) through the activation of STATs (80). Though STATs are crucial for antiviral and inflammatory responses, HIV-1 may have evolved to limit STAT5 activation to evade immune clearance, since it has been shown that HIV-1 infected cells do not induce high interferon levels (81) and STAT5 expression is reduced in HIV-1 patients (49). Impaired production of cytokines can be a predictor of the morality of HIV-1 patients. patients with more robust cytokine production are associated with longevity as STAT5 activation in CD8+ T Cells promotes its effector and memory development (82, 83).

It has been shown that SAHA and other HDACs impair CTL function by inhibiting IFNγ production (80). The literature suggests that Alprazolam enhances immune function (84). It has been shown that when BDZs are taken at physiological levels, they have immunoprotective effects. BDZs have also been shown to enhance the antibody response through stimulating helper T cell functions in restraint-stressed mice (85). Furthermore, Alprazolam and midazolam can decrease the adverse effect of surgical stress on the thymus and spleen in mice and maintain their cellularity (86, 87). In addition, Alprazolam protected and enhanced the immune system by increasing the activity of natural killer cells and enhancing the proliferation of lymphocytes in mice (88). Diazepam has been reported to negatively impact phagocytic activity in polymorphonuclear cells (PMN) and monocytes, triazolobenzoldiazepines like alprazolam and triazolam was shown to enhance T cell function and antibacterial activity (89). These seemingly conflicting results may be due to the ability of only a certain subclass of BDZs to bind to the second potential target site on RUNX1 (Figure 1) a prediction that correlates with modulation of STAT5 activity both on the LTR and in the whole cell.

In addition to viral transcriptional reactivation and CTL response enhancement, to achieve the goal of viral eradication, it may be important to target immune checkpoints as well. T cell exhaustion due to chronic inflammation can reduce the polyfunctionality of CD8+ T cells. It has been shown that elevated STAT5 activation in CD8+ T cells is associated with the decreased immune-suppressive capability of PD-1 (90). Therefore, the usage of Alprazolam may have improved immune response also by inhibiting the suppressive impact of exhaustion markers. Combining Alprazolam with other exhaustion marker inhibitors may further benefit the cause of reducing the size of HIV-1 latency reservoir.

Chronic inflammation caused by HIV-1 infection affects the CNS as well. Neuroinflammation is a major factor of several neurodegenerative disorders including neuroHIV-1 (91–95). Neuroinflammation can contribute to neuronal and immune damage through the chronic activation of microglia and perivascular macrophages of the CNS (15, 35–38). Myeloid cells are long-lived and resistant to cell death caused by infection (35, 37), making them a platform to drive neuroinflammatory events in subjects on suppressive ART therapy. Due to the prolonged life span for patients on ART the prevalence of neurologic issues has increased. Engagement of benzodiazepine receptors, such as those found on microglia and astrocytes, is associated with decreased cytotoxicity (96). Modulation of STAT5 activity secondary to RUNX1 inhibition by Alprazolam was shown in U87MG, an astrocyte cell line, and may be a strategy for addressing this chronic neuroinflammatory state. HIV-1 infected individuals are more likely to be prescribed BDZs than the general population (97, 98), BDZ use is associated with the risk of HIV-1-1 infection (99, 100) and BDZs are a commonly abused substance (101). Given the overlap of substance use and HIV-1 infection, combined with BDZ prescribing practices, it is critical to understand how these drugs may be altering both epigenetics and immune cell function.



METHOD


Ligand Docking

Compounds were built and energy-minimized using the MM2 force field (ChemBio3D Ultra 13.0) with RMS gradient of 0.01 and number of alterations of 104. The minimized structures were then saved as pdb files for the docking simulations. Autodock tools graphical interface was then used to prepare the ligands for docking (102, 103).

The protein structures (RUNX1 unbound, pdb: 1EAN and liganded RUNX1, pdb: 3WTS) (62) were downloaded from the protein data bank then prepared by Autodock tools graphical interface (MGtools 1.5.6rc3) where nonpolar hydrogens were merged, Kollman charges were added, and Gasteiger charges were calculated. The grid box for the docking search was set to include the whole protein structure for the docking search.

AutoGrid 4.2 algorithm (102, 103) was used to evaluate the binding energies between the ligands and the protein and to generate the energy maps for the docking run. For high accuracy mode, the maximum number of evaluations (25 × 106) were used. hundred runs were generated for each ligand by using Autodock 4.2 Lamarckian genetic algorithm for the searches. Cluster analysis was performed on docked results, with a root-mean-square tolerance of 0.5 Å. And the lowest energy conformer from the highest populated cluster was selected as a binding pose for each ligand. The fitting of each pose was independently corrected and validated using POSIT (OpenEye Scientific Software, Santa Fe, NM. http://www.eyesopen.com).



Cell Culture, Treatments, and Transfections

J-LTR-GFP (Jurkat LTR-GFP) and Jurkat cells were propagated in Roswell Memorial Park Institute (RPMI) media supplemented with 10% Fetal Bovine Serum (FBS), 100 U/mL penicillin, 100 ug/mL streptomycin, and 0.3 mg/mL L-glutamine. J-LTR-GFP cells are Jurkat T-cell based reporter cells that contain an integrated HIV-1 LTR driven GFP and were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH (#11587) from Dr. Olaf Kutsch.

TZM-bl cells (NIH-AIDS Reagent Program, catalog number 8129, NIH, Bethesda, MD) and 293T cells (ATCC) were maintained in Dulbecco's modified Eagle's medium (DMEM; HyClone, GE Healthcare Life Sciences, Chicago, IL) supplemented with 10% FBS, 100 units ml−1 penicillin,100 μg ml−1 streptomycin and 0.3 mg ml−1 L-glutamine (PSG, Gibco, Thermo Fisher Scientific

To transfect 293T with IL17-luciferase reporter, Lipofectamine LTX (Invitrogen) was used according to the manufacturer's instructions.

All cells were grown at 37°C with 5% CO2.

FDA approved BDZs were obtained from (Sigma-Aldrich): Alprazolam (A0357000), clonazepam (C1277. SAHA (SML0061).



Luciferase Assay

For the determination of HIV-1 LTR reactivation in 293T cells cultures were treated with BDZs or SAHA for 48 hours. Following treatment, cell lysates were prepared using GloLysis buffer (Promega) and luciferase activity was determined using BrightGlo Luciferase Reagent (Promega) and read on a spectrophotometer following manufacturer's instructions. For the determination of IL17 promoter activity, 15,000 293T cells were seeded in each well of a 96 well-plate and transfected 24 h later with a plasmid containing the IL17 promoter controlling the expression of firefly luciferase. Twenty-four h post-transfection cells were treated with BDZs and SAHA. Twenty-four h post-treatment cell lysates were prepared using GloLysis buffer (Promega) and luciferase activity was determined using BrightGlo Luciferase Reagent (Promega) and read on a spectrophotometer following manufacturer's instructions: Dual-Glo Luciferase Assay System (Promega, E2920).

Measurement of RUNX responsive genes. PBMCs from three HIV-1-1 patients who had been suppressed on therapy for <6 months were generously provided by Dr. Frank Maldarelli from the NIH. 10 × 106 PBMCs were divided between three conditions: DMSO control, 50μM Ro5-3335, and 10 μM Alprazolam. PBMCs were cultured in RPMI with 10% FBS and the indicated drugs for 24 h. RNA was extracted from the cells and used for RT-qPCR to detect HIV-1 Gag mRNA. RNA was extracted using Trizol reagent (Invitrogen) following the manufacturer's protocol. Following reverse transcription, the samples were diluted 1:50, and 2.5 microliters were used for quantitative PCR in a BioRad CFX384 qPCR machine. All mRNA analyses were normalized to GAPDH. Nucleic acid amplification was tracked by the SYBR Green method.

The following primer pairs were used for detection:

T-bet 5′GGTTGGAGGACACCGACTAA, 5′ATCCTTCTTGAGCCCCACTT,

IL-2 5′AAACTCACCAGGATGCTCAC, 5′GTCCCTGGGTCTTAAGTGAAAG,

APOBEC3G 5′CCGAGGACCCGAAGGTTAC, 5′TCCAACAGTGCTGAAATTCG,

APOBEC3C 5′AGCGCTTCAGAAAAGAGTGG, 5′AAGTTTCGTTCCGATCGTTG,

IL-7R 5′CCCTCGTGGAGGTAAAGTGC, 5′CCTTCCCGATAGACGACACTC,

GAPDH 5′GCTCACTGGCATGGCCTTCCGTGT, 5′TGGAGGAGTGGGTGTCGCTGTTGA.



Replication Assay

JLTRG cells were transfected with 1ug of the indicated pNL4-3 molecular clones per 1 × 106 cells. Briefly, cells were incubated with DNA in 0.7ug/ml DEAE-Dextran for 15min at 37C. 1 × STBS was added and cell pellets were resuspended in RPMI-10 in a 24-well plate. Cells were collected every 2 to 3 days, fixed in 1% formaldehyde, and analyzed for %GFP positive cells by flow cytometry.

Generation of RUNX1 binding site mutant virus. A plasmid that contains HIV-1 LTR with mutation in nef gene that does not express nef protein (p398.6) was used as a shuttle vector (104, 105). Site-directed mutagenesis was performed to alter the sequence of the promoter at the 3′ U3 region on the Shuttle vector to obtain mutated binding site for RUNX1. The mutated plasmid was transformed into E. coli and selected clones were sent for sequencing. Positive clones were defined as p398.6 mutant RUNX1 binding site (p398.6 mutRUNX BS). Then, to clone the mutant promoter back into pNL4-3 (the entire proviral HIV-1 plasmid), restriction enzymes (NcoI and BamHI) were used to cut the altered sequence from the shuttle vector and pNL4-3 was also cut with the same restriction enzymes. Both plasmid fragments were gel extracted and ligated back into the pNL4-3 vector with T4 ligase. The mutant plasmid was transformed into E. coli and selected colonies were verified by sequencing. A new RUNX1 mutant binding site proviral plasmid (HIV-1Δnef mutRUNX BS) was successfully constructed.

Primers for site-directed mutagenesis:

RUNXMut Fwd 5′atccttgatctgtggatctcacacacacaaggctacttcc

RUNXMut Rev 5′ggaagtagccttgtgtgtgtgagatccacagatcaaggat.


Competition Assay

ΔRUNX and Δnef control was used to infect J-LTR-GFP with an equal ratio of infectious particles. Viral stocks were generated by transfection of HEK 293T cells with the pNL4-3 mutants described above. Forty-eight h post-transfection supernatant was harvested and filtered through a 0.2μM filter. Viral stocks were quantified by p24 ELISA and TZMbl beta-galactosidase assay to determine the Gag concentration and infectious units/ml of stock, respectively. The virus was were washed from cells after 24 h and viral growth was tested over 14 days. The peak day is assessed by measuring GFP percentage every other day. At the peak day, the sample taken from the supernatant was used to extract RNA from using Trizol, and 1ml of the supernatant containing virus was used to infect non-infected JLTR-G cells to start the second round of infection. The second round of infection is also assessed for 14 days. Then at the peak day, a sample is taken from the supernatant for RNA extraction and 1ml from the supernatant is used to infect non-infected JLTR-G to start the third round of infection. The peak day is also assessed at the third round of infection to take a sample for RNA extraction. Reverse transcription (RT) reaction was done for each round of infection and then PCR was performed using primers that were designed to amplify the region that flanks the RUNX1 binding site. After extracting the PCR product, TA cloning was performed by inserting the PCR product in a TA vector. Then after bacterial transformation, white clones (which were not stained with X-gal substrate) were chosen to send to sequencing At least 75 clones from each round of infection were sent to be sequenced. Sequence results were analyzed using Clustal W multiple alignments to quantify and compare clones having ΔRUNX vs. Δnef control.

Primers for sequencing of

For 5′TTCAGCTACCACCGCTTGAG

Rev 5′ GTACTCCGGATGCAGCTCTC.



ChIP

For ChIP analysis, TZM-bl or PBMC were treated with different treatments and fixed for chip according to manufacturer's protocol: PierceTM Agarose ChIP kit (ThermoFisher, catalog number 26156). All antibodies used were diluted 1:100. Histone H3 (acetyl K9) antibody [AH3-120]-ChIP Grade (Abcam, ab12179). Pierce p300/CBP (CREB-Binding Protein) antibody (NM11) (Thermo scientific, MA5-13634). Human/Mouse STAT5a/b Pan Specific Antibody (R&D Systems, AF2168).

Primers against HIV-1 U3 LTR were used for qPCR:

F 5′CTAGCATTTCGTCACATGGCCCGAGA3′

R 5′GTGGGTTCCCTAGTTAGCCAGAG 3′.




P24 ELISA

P24 ELISA was performed using the ZeptoMetrix HIV-1 P24 Antigen Elisa Kit using the vendor suggested protocol.



HEK-BLUE IL-2 Assay

HEK-BLUE IL-2 cells were acquired from Invitrogen (HKB-iL2). Growth Media: DMEM, 4.5 g/l glucose, 2 mM L-glutamine, 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin,100 mg/ml Normocin. HEK-BLUE IL-2 cells were generated by transfecting HEK293 cells with the human IL-2Rα, IL-2Rβ, and IL-2Rγ genes, along with the human JAK3 and STAT5 genes to obtain a fully active IL-2 signaling pathway as well as a reporter gene expressing a secreted embryonic alkaline phosphatase (SEAP) under the control of the IFN-b minimal promoter fused to four STAT5 binding sites. HEK BLUE IL-2 Cells were maintained in growth media and detached from the culture flask through gentle washes using PBS. Cells were seeded in 96 well-plates and treated with appropriate drugs and then incubated in a 37C incubator for 24 or 48 h before cell suspension is harvested for SEAP quantification using QUANTI-BLUE, which is a solution that changes the cell suspension color from pink to blue in the presence of alkaline phosphatase.

Intracellular cytokine staining. PBMCs from HIV-1 positive individuals suppressed on therapy for >6 months were thawed, resuspended in 1 × 106 per ml in RPMI/IL2 (RPMI + 10% FBS, Penn/Strep, L-glutamine, 30 IU/ml IL-2), had 1 ml of cell suspension placed in a 12 × 75 mm falcon tube per condition and allowed to rest overnight at 37C with 5% CO2. SAHA, Alprazolam, or vehicle control were added to the tubes as appropriate and incubated for 4 h. After incubation with drugs, anti-CD29 and anti-49d co-stimulatory antibodies (BD Biosciences) were added along with pooled HIV-1-1 B Gag peptides (AIDS Reagent) at 2ug/ml final concentration per peptide. One h after the addition of peptides BD Golgi Stop was added and PBMCs were incubated overnight at 37C with 5% CO2. PBMCs were then stained for CD3, CD4, CD8, and viability (Zombie Yellow, BioLegend) before being permeabilized with BD Cytofix/Cytoperm reagent. Permeabilized cells were stained for IL-2 and IFNγ before being fixed and analyzed by flow cytometry.
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While current therapeutic strategies for people living with human immunodeficiency virus type 1 (HIV-1) suppress virus replication peripherally, viral proteins such as transactivator of transcription (Tat) enter the central nervous system early upon infection and contribute to chronic inflammatory conditions even alongside antiretroviral treatment. As demand grows for supplemental strategies to combat virus-associated pathology presenting frequently as HIV-associated neurocognitive disorders (HAND), the present study aimed to characterize the potential utility of inhibiting monoacylglycerol lipase (MAGL) activity to increase inhibitory activity at cannabinoid receptor-type 1 receptors through upregulation of 2-arachidonoylglycerol (2-AG) and downregulation of its degradation into proinflammatory metabolite arachidonic acid (AA). The MAGL inhibitor MJN110 significantly reduced intracellular calcium and increased dendritic branching complexity in Tat-treated primary frontal cortex neuron cultures. Chronic MJN110 administration in vivo increased 2-AG levels in the prefrontal cortex (PFC) and striatum across Tat(+) and Tat(–) groups and restored PFC N-arachidonoylethanolamine (AEA) levels in Tat(+) subjects. While Tat expression significantly increased rate of reward-related behavioral task acquisition in a novel discriminative stimulus learning and cognitive flexibility assay, MJN110 altered reversal acquisition specifically in Tat(+) mice to rates indistinguishable from Tat(–) controls. Collectively, our results suggest a neuroprotective role of MAGL inhibition in reducing neuronal hyperexcitability, restoring dendritic arborization complexity, and mitigating neurocognitive alterations driven by viral proteins associated with latent HIV-1 infection.
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INTRODUCTION

With the advent of combination antiretroviral therapy (cART), mortality rates among human immunodeficiency virus type-1 (HIV-1)-infected individuals have decreased by more than 50% (1). The consequent growth in the population of people with latent HIV-1 (PWH) has introduced a new demand for supplemental treatments, as cART itself is neurotoxic with prolonged exposure (2, 3) and leads to greater susceptibility to issues driven by synaptic dysfunction including HIV-associated neurocognitive disorders [HAND, (4)], which occurs in up to 50% of infected individuals (5). Further, cART is largely unable to deplete expression of residual HIV-1 proteins in the tissues of the central nervous system [CNS; (6–9)]. One such viral protein, transactivator of transcription (Tat) enters the host genome early after infection (10), and has been shown to induce synaptodendritic injury and cognitive deficits in murine models of HIV-1 (11–14) by altering the cellular environment through proinflammatory processes which contribute significantly to the pathogenesis of HAND (7, 15, 16).

Previous work has demonstrated in vitro Tat excitotoxicity (17–19) which is downregulated in frontal cortex primary neuron cultures with direct application of endogenous ligands N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG) via cannabinoid receptors type-1 [CB1R; (20)]. Blocking enzymatic degradation of 2-AG and/or AEA likely has greater translational value, as activity of endogenous ligands and associated downstream products provides an extended therapeutic window due to longer half-life and greater conferred selectivity at target receptors relative to many currently available phytocannabinoid-based treatments (21–23). Additionally, therapeutic enhancement of cannabinoid signaling by enzyme inhibitors appears to be localized to sites of injury in contrast to direct agonists, which more widely affect cannabinoid signaling across the brain and are more likely to drive off-target effects (24–27).

The endocannabinoid system is a promising avenue for development of therapeutic strategies in disease, as existing literature shows anti-inflammatory and neuro-regulatory properties of agonists at CB1R (28–30) and cannabinoid receptors type-2 [CB2R; (31, 32)]. Potential neuroprotective effects of the endocannabinoid system in the context of neuroHIV have been reviewed previously (33, 34). Activation of CB1R and CB2R may downregulate the proinflammatory cytokine levels associated with synaptodendritic injury (35, 36), behavioral disturbances observed in PWH and HIV-1 transgenic rats (36, 37), and peripheral neuropathy (38–40). Nevertheless, therapeutic use of the CB1R agonists are limited due to associated pervasive psychoactive side effects including sensorimotor, affective, and cognitive disturbances (41). Thus, research efforts have focused on development of drugs targeting components of the endogenous cannabinoid system, including enzymes regulating the biosynthesis and degradation of the endogenous cannabinoids AEA and 2-AG to enhance tonic endocannabinoid activity (42–44).

Of particular interest is the effect of monoacylglycerol lipase (MAGL), which contributes to about 85% of total 2-AG hydrolysis in the CNS (45, 46). In addition to promoting activity at CB1R, inhibition of MAGL has recently been shown to downregulate inflammation in central (47) and peripheral (48) nervous system models by reducing breakdown of endogenous ligands into inflammatory metabolites such as arachidonic acid [AA; (49)] and downstream products like prostaglandins (47, 50). As increased prostaglandin activity drives inflammatory responses, reduction of AA production may reduce neuroinflammation caused by CNS insult. Indeed, MAGL inhibitor MJN110 has demonstrated neuroprotective effects in models of neuropsychiatric and neurodegenerative diseases (51) and ischemic stroke (52).

The aims for this project were 4-fold: first, to characterize neuroprotective effects of MJN110 treatment against Tat-associated excitotoxicity in frontal cortex neuron cultures via live calcium imaging; second, to assess Tat- and MJN110-induced alterations to neuronal morphology via immunocytochemistry in vitro; third, to assess the effects of Tat and MJN110 treatment in vivo using a HIV-1 Tat transgenic mouse model (13, 53) of behavioral flexibility as an indicator of MJN110 efficacy in restoring prefrontal cortex function (54–56); and fourth, to characterize brain region-specific alterations to endocannabinoid-related protein expression as a function of Tat and MJN110 treatment via ultrahigh performance liquid chromatography tandem mass spectrometry.



MATERIALS AND METHODS

Experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals. All procedures were approved by the University of North Carolina at Chapel Hill Institutional Animal Care and Use Committee.


Primary Neuron Cultures

Primary neuron cultures were derived from embryonic day 17 (E17) C57BL/6J mouse (Charles River, Raleigh, NC) frontal cortex and incubated as previously described (32). Briefly, brains were collected and frontal cortex tissue was dissected and minced. Neurons were isolated with 30-min incubation (37°C) in neurobasal medium (ThermoFisher Scientific, #21103049, USA) with 2.5 mg/mL trypsin, 0.015 mg/mL DNAse, 2% B27 (50X; ThermoFisher Scientific, #17504044, USA), 0.5 mM L-glutamine (ThermoFisher Scientific, #25030081, USA), 25 mM glutamate (Sigma-Aldrich, #604968, USA), and 1% penicillin-streptomycin (ThermoFisher Scientific, #15140122, USA). Tissue was triturated and filtered twice through 70 μm pore nylon mesh before dissociated cells were plated on poly-L-lysine-coated (Sigma-Aldrich, #P2636) 35 mm glass-bottom dishes (MatTek, #P35G-0-10-C, USA; 1 * 105 cells per dish) or cover slips (Fisherbrand 22 mm microscope cover slips, Cat No. 12-547, USA; 2 * 105 cells per slip) for calcium imaging or immunocytochemistry, respectively. Neurons were maintained in a humidified incubator with 5% CO2 at 37 °C (Eppendorf, Hauppauge, NY) in neurobasal medium supplemented with 25 μM glutamate, 2% B27, 0.5 mM L-glutamine, and 1% penicillin-streptomycin. Supplemented medium was 50% exchanged every 48 h. On day in vitro 10, cells were prepared for imaging.



Treatments in vitro

Primary frontal cortex neuron cultures were treated with HIV-1 Tat1−86 (50–100 nM; ImmunoDx, IIIB, #1002, USA), glutamate (0.1–10 μM; Sigma-Aldrich, #604968, USA), and/or MJN110 (0.5–1 μM; 50), which were diluted in Hanks Balanced Salt Solution (HBSS; ThermoFisher Scientific, #14025092, USA) supplemented with 10 mM HEPES (ThermoFisher Scientific, #15630080, USA). Tat1−86 concentrations in the 50–100 nM range were chosen for the present study as they recapitulate cellular deficits observed in PWH (57–60). For experiments using glutamate to induce excitation, a subthreshold concentration of Tat1−86 [50 nM; i.e., concentration insufficient to elicit excitatory response when bath-applied to neurons; established by (32) was used to drive neurons into a disease state prior application of glutamate during imaging. Concentrations of glutamate and MJN110 were chosen based on preliminary experiments (Supplementary Figure 1) and previous studies (61) which assessed activity elicited in vitro by this neurotransmitter and drug, respectively.



Live-Cell Fluorescence Imaging

Neurons were incubated for 30 min in fluorescent intracellular calcium indicator fura-2 AM (2 μL/mL; ThermoFisher Scientific, #F1221, USA) diluted in HBSS (with Ca2+, ThermoFisher Scientific, #14025076, USA) supplemented with HEPES (10 mM; ThermoFisher Scientific, #15630080, USA) according to manufacturer instructions. Half of the neurons were then exposed to 50 nM Tat (Figure 1) and/or MJN110 (500 nM or 1 μM; Figure 2) for an additional 1 h or 30 min prior to imaging (Figures 1, 2, respectively). Relative fluorescence ratio images were recorded for 30 min with a computer-controlled stage encoder with environmental control (37 °C, 95% humidity, 5% CO2) using a Zeiss Axio Observer Z.1 inverted microscope (Zeiss, Thornwood, NY, USA) with a 20x objective at 340/380 nm and 510 nm excitation and emission wavelengths, respectively. Following 1 min baseline imaging, 10 μM glutamate (Figure 1) or 100 nM Tat (Figure 2) was bath-applied to cultures. Excitation patterns were assessed for the remaining 29 min. Fifteen neurons were randomly selected from each culture and somas from each were tagged as regions of interest. Relative fluorescence ratios were used to quantify fluctuations in intracellular calcium ion ([Ca2+]i) activity across the experimental timeframe (62). At least three independent experiments were run for each treatment group.


[image: Figure 1]
FIGURE 1. Primary frontal cortex neuron cultures (DIV 7-11) were untreated or pre-incubated with different concentrations of MJN110 (0–1 μM) and/or a subthreshold concentration of Tat 50 nM before Ca2+ imaging began (1 h and 30 min prior, respectively). (A) Pseudocolor images of neuronal ratiometric calcium imaging taken 30 min after a glutamate (GLT) 10 μM challenge (except for the control condition) with comparing frontal cortex neurons pre-incubated with vehicle solution or different concentrations of MJN110 (0.5–1 μM) and/or a subthreshold concentration of Tat 50 nM. (B) [Ca2+]i levels were plotted over a 30-min time period with GLT 10 μM being applied at the 1-min mark (arrow). Application of GLT 10 μM onto neurons caused significant increases in [Ca2+]i levels in the presence and absence of Tat and this effect was inhibited with MJN110 pretreatment in a concentration dependent manner. (C) The [Ca2+]i levels are summarized for the last 10 min of calcium assessment and indicate that the lower concentration of MJN110 (0.5 μM) is more inhibitory in the presence of Tat compared to the control condition. Data are mean ± SEM. Statistical significance was determined using ANOVA and Bonferroni correction where applicable. An alpha level of p < 0.05 was considered significant for all statistical tests. *p < 0.05 vs. GLT 10 μM (PRE: Control); #p < 0.05 vs. GLT 10 μM (PRE: Tat 50 nM); $p < 0.05 vs. MJN110 0.5 μM + GLT 10 μM (PRE: Control). GLT, glutamate; PRE, pretreatment.



[image: Figure 2]
FIGURE 2. Primary frontal cortex neuron cultures (DIV 7-11) were untreated or pre-incubated for (A) 30 min or (B) 1 h with different concentrations of MJN110 before [Ca2+]i imaging began. [Ca2+]i levels were plotted over a 30-min time period with Tat 100 nM being applied at the 1-min mark (arrow). (A) Pre-incubation of MJN110 for 30 min prior to Tat application was not able to inhibit significant increases in [Ca2+]i induced by Tat when observed across a 30-min time period. (A') The [Ca2+]i levels are summarized for the last 10 min of calcium assessment and indicate that none of the MJN110 concentrations is able to inhibit Tat-induced increases in [Ca2+]i levels. (B) Pre-incubation of MJN110 for 1 h prior to Tat application inhibited Tat-associated [Ca2+]i upregulation over a 30-min time period. (B') The [Ca2+]i levels are summarized for the last 10 min of calcium assessment and indicate that MJN110 0.5 μM was able to significantly inhibit Tat-induced [Ca2+]i increases. Data are mean ± SEM. Statistical significance was determined using ANOVA and Bonferroni correction where applicable. An alpha level of p < 0.05 was considered significant for all statistical tests. *p < 0.05 vs. Control; #p < 0.05 vs. Tat 100 nM.




Immunocytochemistry

Neurons were fixed for 10 min with 4% paraformaldehyde in phosphate-buffered saline (ThermoFisher Scientific, #J61899-AP, USA) and stained as previously described (32). In brief, neurons were immunolabeled using primary antibodies against MAP2ab (Millipore, MAB378, USA; 1:500) with secondary antibodies conjugated to goat-anti-mouse Alexa 488 (ThermoFisher Scientific, #O-6380, USA; 1:1,000) diluted in PBS (ThermoFisher Scientific, #20012043). Nuclei of cells were stained using Hoechst 33342 (3 min; ThermoFisher Scientific, #H3570, USA) and coverslips were mounted using Prolong Gold (ThermoFisher Scientific, #P36930, USA). Z-stack images were obtained using ZEN 2010 Blue Edition software (Zeiss, Thornwood, NY, USA) with a Zeiss LSM 700 laser scanning confocal microscope using a 63x immersion objective (Zeiss, Thornwood, NY, USA). Dendritic branching complexity (e.g., maximum process length and distance from soma with maximal branching) and soma area were assessed with orthogonal projections from Z-stack images using the Sholl analysis tool within ImageJ software [Version 2.1.0; (63)].



Animals

Brain-restricted, doxycycline-inducible HIV-1 IIIB Tat1−86 transgenic mice were developed on a hybrid C57BL/6J background as previously described (53, 64) using a tetracycline “on” system. Mice expressing Tat under the tetracycline-responsive element were crossed with mice expressing glial fibrillary acidic protein (GFAP) promoter-driven reverse tetracycline transactivator. Expression was induced with 6 mg/g doxycycline (DOX) administration through chow diet (product TD.09282; Envigo, Indianapolis, IN, USA). Genotyping by PCR was performed at 4 weeks of age to determine which mice were Tat(+) (i.e., expressing both GFAP-rTA and TRE-tat genes) and which were Tat(–) (i.e., expressing only the GFAP-rtTA gene).

Twenty-four female transgenic mice [12 Tat(+)] 3–4 months of age were held on ad libitum DOX chow diet (6,000 ppm, TD.09282, Envigo, NJ, USA) for 3 months prior to and throughout behavioral testing to induce and maintain Tat expression. All tests took place in the colony room during the dark phase of the 12-h light cycle.



Treatments in vivo

For behavioral experiments, 1 mg/kg MJN110 (61) dissolved in saline-based vehicle [1:1:18; ethanol, Kolliphor (Sigma-Aldrich, #C5135, USA), and 0.9% NaCl saline, respectively; (25)] or vehicle alone was injected subcutaneously (10 μL/g body mass) for 5 days preceding, then throughout reversal trials (Figure 3). All injections were performed approximately 2 h before behavioral testing.


[image: Figure 3]
FIGURE 3. (A) Behavioral timeline schematic for the two-choice Odor Discrimination Flexibility (ODF) task. (B) Tat(+) subjects acquired the shaping task significantly faster than Tat(–) controls. (B') MJN110-treated Tat(+) subjects acquired the reversal task significantly slower than vehicle-treated Tat(+) subjects. Data are mean ± SEM. Statistical significance was determined using ANOVA and Bonferroni correction where applicable. An alpha level of p < 0.05 was considered significant for all statistical tests. *p < 0.05 vs. Tat(–); #p < 0.05 vs. Tat(+)/vehicle.




Odor Discrimination Flexibility Task
 
Behavioral Assay

Mice were habituated to reinforcers (sweetened yogurt chips; Bio-Serv, Flemington, NJ, USA) and the test environment (3 min/day) for 7 and 5 days, respectively, preceding shaping trials (Figure 3A). Following habituation, two cups scented individually with 100 μL peanut oil (Amazon, #B00QGWM57M, USA) and 2-phenylethanol (2-PE; Sigma-Aldrich, #77861, USA) were placed at east and west ends of the test arena (Supplementary Figure 2, courtesy of G.F. League Co., Inc., Greenville, SC, USA), in recessed areas where reinforcers (quartered to reduce satiation) remained out of sight until a nose poke response was made. One reinforcer was available per trial.

Mice were trained 5 days per week in the two-choice operant paradigm wherein one olfactory stimulus was paired with the reinforcer (Figure 3A). Odorants were used at response sites to aid in stimulus discrimination (65) and mask any odor which may be present in reinforcers, which could otherwise bias response learning (66). Reward-paired scent was randomly assigned and counterbalanced across subjects, and target location was randomized between trials to preclude location-based learning. Experimenters were blind to subject genotype throughout behavioral testing and data analysis.



Shaping Trials

Subjects were placed into a holding chamber at the south end of the test arena. To signal a trial, the holding area was briefly (2 s) illuminated from above with a mildly aversive white LED light before the partition was lifted to cue access to the darker test arena, illuminated with red light. The white trial signal light remained on until subjects entered the test area or for 1 min of no entry, after which point subjects were manually directed to the arena from the holding chamber. Upon subject entry, the partition was closed and latency to interact with reward-paired odor location was recorded. Trials began when the subject body crossed into the testing area, and terminated upon reward consumption. All sessions were video-recorded (GoPro Hero6 Black; GoPro Smart Remote; Vanguard ESPOD CX1OS tripod) and analyzed by two experimenters to assess response latency and correctness (97.92% inter-rater agreement; Cohen's k = 0.79).



Drug Administration

After consistent discriminative choice for the cup paired with reward was established (i.e., a nose poke into the positive predictor cup and no interaction with the negative predictor cup across 8 out of 10 consecutive trials; 12–60 days), subjects were injected subcutaneously as described above. Shaping trials were continued during drug habituation to maintain learned responses, and reversal training began on injection day 6 (Figure 3A).



Reversal Training

The reversal paradigm was identical to that of shaping, except the opposite scent predicted reward. Injections were administered daily throughout reversal training. After consistent discriminative choice for the opposite cup was established (using the same criteria for the acquisition phase; 9–35 days), the experiment was terminated and subjects advanced to protein quantification analysis with mass spectrometry. Within-trial response latency was recorded to assess potential locomotor deficits/cannabimimetic effects presenting as slower approach to a reward-predictive cue.



Reinforcer Consumption Test

Tat has previously been shown to induce reward deficits and increase sensitivity to reinforcer-induced reward enhancement, contributing to depressive and addictive phenotypes, respectively (67). To measure anhedonic response and assess whether genotype influences reward salience of the reinforcer used in the ODF task, a consumption test and olfactory sensitivity test was conducted with a separate cohort of mice in home cages. After 5 days habituation to reinforcers, subjects were given access to a large amount of reinforcer (1.35 g) for 5 min and total volume consumed was quantified by measuring change in reinforcer weight.



Olfactory Sensitivity Test

Olfaction abilities were probed to ensure genotype-dependent differences in acquisition latency were not due to greater sensitivity of one group in detecting reinforcer odor in the ODF task. In this task, a reinforcer was buried in the center of home cages 0.5 cm beneath the bedding surface (68). Subjects were placed inside the south end of the cage, and latency to locate and consume the reinforcer was recorded. Trials terminated upon reinforcer consumption or after 5 min, whichever occurred first.




Ultraperformance Liquid Chromatography/Tandem Mass Spectrometry (UPLC-MS/MS)

Subjects were sacrificed by rapid decapitation following isoflurane-induced anesthesia and brains were collected, dissected, and snap-frozen in liquid nitrogen. Calibration curves were prepared at the following concentrations: 0.028 pmol to 2.8 pmol for N-arachidonoylethanolamine (anandamide; AEA), 2.6 pmol to 260 pmol for 2-arachidonoylglycerol (2-AG), 0 and 0.033 nmol to 3.3 nmol for AA along with negative and blank controls. Samples were stored at −80 °C until the day of analysis. The internal standard (ISTD) was added to each calibrator, control, and sample except the blank control at concentrations of 0.28 pmol AEA-d8, 26 pmol 2-AG-d8, 0 and 0.33 nmol AA-d8. The calibrator, control and samples were analyzed as previously described (69). In brief, samples were homogenized in 100 μL ethanol and then 900 μL water was added. Sample cleanup was performed using UCT Clean Up® C18 solid phase extraction column (United Chemical Technologies, Inc., Bristol, PA, USA) conditioned with methanol followed by water. Samples were added and the columns were then washed with deionized water. Lipids were eluted with methanol, evaporated under nitrogen, and reconstituted in mobile phase. A Shimadzu UPLC system (Kyoto, Japan) attached to a Sciex 6500 QTRAP system with an IonDrive Turbo V source for TurbolonSpray® (Sciex, Ontario, Canada) controlled by Analyst software (Sciex, Ontario, Canada) was used for the analysis of AEA, 2-AG, and AA.

Chromatographic separation of AEA, 2-AG, and AA was performed on a Discovery® HS C18 Column 15 cm × 2.1 mm, 3 μm (Supelco: Bellefonte, PA, USA) kept at 25°C. The mobile phase consisted of A: acetonitrile and B: water with 1 g/L ammonium acetate and 0.1% formic acid. The following gradient was used: 0.0–2.4 min at 40% A, 2.5–6.0 min at 40% A, hold for 2.1 min at 40% A, then 8.1–9 min 100% A, hold at 100% A for 3.1 min and return to 40% A at 12.1 min with a flow rate of 1.0 mL/min. The source temperature was 600°C with ionspray voltage of 5,000 V. The curtain gas and source gases 1 and 2 had flow rates of 30, 60, and 50 mL/min, respectively. The mass spectrometer was operated in multiple reaction monitoring (MRM) positive ionization mode for AEA, 2-AG, and negative ionization mode for AA. The following transition ions (m/z) with their corresponding collection energies (eV) in parentheses were measured as follows: AEA: 348>62 (13) and 348>91 (60); AEA-d8: 356>63 (13); 2-AG: 379>287 (26) and 379>296 (28); 2-AG-d8: 384>287 (26); AA: 303>259 (-25) and 303>59 (-60); AA-d8: 311>267 (-25). The total run time for the analytical method was 14 min. Calibration curves were analyzed with each analytical batch for each analyte. A linear regression of the ratio of the peak area counts of analyte and corresponding deuterated ISTD vs. concentration was used to construct calibration curves.



Data Analysis

Mean [Ca2+]i change time course data from in vitro experiments were analyzed using analysis of variance (ANOVA) when appropriate. Violations of compound symmetry in repeated-measures ANOVAs for the within-subjects factors (i.e., comparing time points) were addressed by using the Greenhouse-Geisser degrees (pGG) of freedom correction factor (70). Separate ANOVAs followed by Bonferroni post-hoc analysis were conducted for the final 10 min of the experimental time course to assess differences in sustained excitation between treatment groups.

Behavioral data for the shaping phase are plotted as latency (days) required to meet advancement criteria, and were analyzed as survival curves using the logrank test. Behavioral data for the reversal phase are plotted as latency (days) to meet completion criteria and latency (seconds) to meet criteria within trials, and were analyzed using Cox regression and two-way ANOVAs with genotype [2 levels: Tat(–) mice, Tat(+) mice] and MJN110 treatment (2 levels: vehicle, MJN110 1 mg/kg) as between-subjects factors where appropriate followed by Bonferroni post-hoc tests.

Brain region-specific endocannabinoid levels were analyzed by two-way ANOVAs with genotype [2 levels: Tat(–) mice, Tat(+) mice] and MJN110 treatment (2 levels: vehicle, MJN110 1 mg/kg) as between-subjects factors followed by Bonferroni post-hoc tests and correlated with mean within-trial response latency for the reversal phase.

All data are presented as mean ± SEM. Alpha values of < 0.05 were considered significant for all statistical tests. All experiments and data analyses were carried out by experimenters blind to treatment conditions.




RESULTS


Live-Cell Fluorescence Imaging
 
Glutamate-Induced Intracellular [Ca2+]i Increase Was Dysregulated by Tat Pretreatment and Downregulated by MJN110 in a Concentration-Dependent Manner

To understand the role of MAGL inhibition and Tat in mediating neurotoxicity after a glutamate challenge, [Ca2+]i responses of frontal cortex neuron cultures pretreated with Tat (50 nM) and MJN110 (0–1 μM) and then challenged with glutamate (10 μM) during imaging (Figure 1) were investigated. For excitation, various glutamate concentrations were tested (0.1–10 μM) to induce a sustained [Ca2+]i response for 30 min in frontal cortex neurons (Supplementary Figure 1). A three-way mixed ANOVA was conducted with Tat application [2 levels: control, Tat 50 nM], MJN110 treatment (3 levels: vehicle, 0.5 μM, 1 μM) as between-subjects factors and time as a within-subjects factor. Results demonstrated a significant main effect for time [F(40, 12, 400) = 61.6, pGG < 0.001] and MJN110 [F(2, 310) = 34.9, p < 0.001]. Further significant interactions were noted for time x MJN110 [F(80, 12, 400) = 16.6, pGG < 0.001], time x Tat x drug [F(80, 12, 400) = 4.7, pGG < 0.001], and Tat x MJN110 [F(2, 310) = 7.2, p = 0.001] (Figure 1B). A two-way ANOVA with Tat and MJN110 treatments as between-subjects factors was conducted on the last 10 min of the experimental time course and revealed a significant MJN110 effect [F(2, 310) = 29.0, p < 0.001] and Tat x MJN110 interaction [F(2, 310) = 4.6, p = 0.010] with MJN110 significantly downregulating [Ca2+]i levels in a concentration dependent manner. Only in the presence of Tat, MJN110 0.5 μM elicited a significant attenuation of the glutamate-induced [Ca2+]i activity compared to MJN110-free vehicle application (p < 0.001). MJN110 0.5 μM did not significantly downregulate [Ca2+]i levels compared to vehicle for control conditions when Tat was absent (Figure 1C).



Tat-Induced Dysregulation of [Ca2+]i Increase Was Mitigated by Pretreatment With MJN110 in a Time- and Concentration-Dependent Manner

To understand the role of MAGL inhibition in Tat-mediated neurotoxicity, [Ca2+]i responses of frontal cortex neuron cultures to Tat 100 nM when pretreated with vehicle or MJN110 (0.5–1 μM) 30 min or 1-h prior imaging (Figure 2) was investigated. Two-way mixed ANOVAs were conducted with treatment (4 levels: control, Tat 100 nM, MJN110 0.5 μM +Tat, MJN110 1 μM + Tat) as a between-subjects factor and time as a within-subjects factor. When MJN110 was applied to neuron cultures 30 min prior Tat 100 nM, results demonstrated a significant main effect for time [F(40, 11, 760) = 9.3, pGG < 0.001], a main effect of treatment [F(3, 294) = 10.6, p < 0.001], and a time x treatment interaction [F(120, 11, 760) = 2.4, p = 0.001] (Figure 2A). A one-way ANOVA conducted on the last 10 min revealed a significant treatment effect [F(3, 294) = 5.5, p = 0.001], with Tat 100 nM treatment and pretreatment of MJN110 1 μM + Tat showing significantly higher [Ca2+]i levels compared to the control condition (p = 0.001 and p = 0.036, respectively; Figure 2A'). The MJN110 0.5 μM + Tat condition was not significantly different from control, nor did it differ from the Tat and MJN110 1 μM + Tat groups; thus indicating 30-min pretreatment with MJN110 prior Tat 100 nM excitation is not sufficient to inhibit [Ca2+]i levels in frontal cortex neuron cultures.

When MJN110 was pretreated 1 h prior Tat 100 nM exposure, a two-way mixed ANOVA demonstrated a significant main effect for time [F(40, 11, 840) = 6.4, pGG < 0.001], a main effect of treatment [F(3, 296) = 17.0, p < 0.001], and a time x treatment interaction [F(120, 11, 840) = 2.7, p < 0.001] (Figure 2B). A one-way ANOVA conducted on the last 10 min of the experimental time course revealed a significant treatment effect [F(3, 296) = 6.0, p = 0.001], with only Tat 100 nM treatment displaying significantly higher [Ca2+]i levels compared to the control condition (p < 0.001) and significantly differing from the MJN110 0.5 μM + Tat condition (p = 0.044; Figure 2B'). No other effect was noted to be significant. Thus, results suggest that MJN110 pretreatment for 1 h prior to Tat 100 nM excitation is able to inhibit [Ca2+]i activity in frontal cortex neuron cultures.




Immunocytochemistry
 
Dendritic Branching Complexity Was Increased in Tat-Exposed Frontal Cortex Neurons Treated With MJN110

Soma area (μm2), maximum process length (μm), and distance from soma with maximal branching (defined by radial distance from the center of the soma with maximum number of intersections) were analyzed to assess changes to neuronal morphology driven by Tat (100 nM) and/or MJN110 (1 μM, Table 1). A two-way ANOVA with Tat and MJN110 treatment as between-subjects factors for soma area displayed no significant effect and/or interaction for Tat or MJN110 treatment. Maximum process length was also not significantly altered by MJN110, but trended toward decreased length in neurons treated with Tat (p = 0.070, Table 1). Distance from soma with maximal branching was significantly increased with MJN110 treatment and displayed a significant Tat x MJN110 treatment interaction such that Tat-untreated neurons showed no significant branch pattern differences with MJN110 treatment (p = 0.810), but Tat-treated neurons displayed significant increases in branching complexity with MJN110 treatment (p = 0.002, Table 1).


Table 1. Effects of Tat (100 nM) and MJN110 (1 μM) on neuronal morphology from frontal cortex neuron cultures a.
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Odor Discrimination Flexibility Task
 
Rate of Shaping Acquisition Was Faster in Tat(+) Subjects

Behavioral acquisition in the shaping phase of the ODF task was analyzed to assess whether genotype affected the rate of task learning. Shaping acquisition was significantly faster in Tat(+) relative to Tat(–) subjects [Figure 3B; X[image: image] = 6.422, p = 0.011].



Faster Reversal Acquisition in Tat(+) Subjects Was Slowed to Rates Comparable to Tat(–) Controls With MJN110 Treatment

Reversal acquisition latency was separately assessed to determine the effects of genotype and MJN110 treatment specifically on cognitive flexibility. While the effect of genotype demonstrated significance in omnibus tests of behavioral acquisition in the reversal phase [X[image: image] = 7.983, p = 0.046], it was found to be statistically insignificant when treatment and its interaction with genotype were taken into account (Table 2). Specifically, within Tat(+) subjects, MJN110 treatment significantly increased the number of trials required to acquire the reversal learning task (Figure 3B'; 22.00 ± 2.32 vs. 15.00 ± 1.84 for MJN110- and saline-treated subjects, respectively; p = 0.048) presenting as latencies more similar to Tat(–) subjects.


Table 2. Effects of genotype and MJN110 treatment on latency (days) to acquire the reversal phase of the ODF task b.
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Neither Genotype Nor MJN110 Treatment Significantly Affected Within-Trial Response Latency

Response latency within trials was also assessed to determine whether genotype or drug treatment affected the speed with which subjects approached the reward-predictive cue. No significant effects of Tat or MJN110 on within-trial response latency were observed (Figure 4A; p = 0.337 and 0.368, respectively), indicating locomotor deficits/cannabimimetic effects were not likely factors driving observed differences.


[image: Figure 4]
FIGURE 4. (A) No significant differences were observed between groups in response latency within reversal trials. (B) No significant differences in volume of reinforcer consumed were observed between genotypes. (C) No significant differences were observed between Tat(+) and Tat(–) subjects in latency to locate a hidden reinforcer. Data are mean ± SEM. Statistical significance was determined using ANOVA and Bonferroni correction where applicable. An alpha level of p < 0.05 was considered significant for all statistical tests. RF, reinforcer.




Tat Expression Did Not Influence Reinforcer Consumption Volume

No significant differences were observed between Tat(–) and Tat(+) subjects in total volume consumed in the test session (Figure 4B), indicating the observed effect was not dependent upon appetite differences between groups.



Tat Expression Did Not Influence Olfactory Sensitivity

While previous work has demonstrated increased odor detection thresholds in HIV-positive relative to HIV-negative individuals (71), no differences in latency were observed between genotypes (Figure 4C), indicating the effect captured in the ODF task was not driven by genotype-associated differential sensitivity to odor.




UPLC-MS/MS
 
2-AG and AEA Were Differentially Expressed Across Examined Brain Regions Between Tat and MJN110 Conditions

2-AG, AEA, and AA levels were quantified in the prefrontal cortex (PFC), hippocampus, and striatum to characterize the effects of genotype and MJN110 treatment on brain region-specific endocannabinoid levels. In vehicle-treated subjects, 2-AG levels across brain regions were not significantly affected by Tat (Figures 5A–A”; PFC p = 0.501, hippocampus p = 0.063, and striatum p = 0.155). However, MJN110 treatment significantly upregulated 2-AG in the PFC [Figure 5A; F(1, 18) = 4.8, p = 0.042] and striatum [Figure 5A”; F(1, 18) = 34.1, p < 0.0001]. While Tat(+) subjects had significantly lower PFC AEA levels relative to Tat(–) controls [F(1, 18) = 11.0, p = 0.004], MJN110 significantly upregulated AEA in this region [Figure 5B; F(1, 18) = 8.1, p = 0.011]. Neither hippocampal nor striatal AEA levels were significantly altered by MJN110 or Tat (Figures 5B',B”, respectively). No significant Tat- or MJN110-associated differences in AA levels were observed in any brain region assessed (Figures 5C–C”), though Tat(+) subjects trended toward lower hippocampal levels across treatments (Figure 5C'; p = 0.067).
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FIGURE 5. (A) MJN110 treatment significantly increased PFC 2-AG levels across genotypes. (A') Neither Tat nor MJN110 significantly affected hippocampal 2-AG levels. (A”) MJN110 significantly increased striatal 2-AG levels across genotypes. (B) Tat(+) subjects across treatment groups had significantly lower PFC AEA levels relative to Tat(–) controls. MJN110 significantly increased PFC AEA in Tat(+) subjects. No significant differences in hippocampal (B') or striatal AEA (B”) were observed between groups. No significant differences in PFC (C), hippocampal (C'), or striatal AA (C”) were observed between groups. Data are mean ± SEM. Statistical significance was determined using ANOVA and Bonferroni correction where applicable. An alpha level of p < 0.05 was considered significant for all statistical tests. *p < 0.05 vs. vehicle treatment; **p < 0.0001 vs. vehicle treatment; ∧p < 0.05 vs. vehicle-treated Tat(+) subjects; #p < 0.01 vs. Tat(−) subjects.




PFC AA and Striatal AEA Levels Positively Correlated With Within-Trial Response Latency in Tat(+) and MJN110-Treated Subjects, Respectively

While neither genotype nor MJN110 treatment significantly affected PFC AA levels (p = 0.418 and p = 0.104, respectively), these measures were found to be positively correlated with response latency within behavior trials in Tat(+) subjects (R2 = 0.55, p = 0.014). A significant positive relationship was also found between striatal AEA levels and within-trial response latency across groups (R2 = 0.232, p = 0.031). This effect appears to be driven by MJN110, as drug-treated subjects displayed a stronger relationship than vehicle-treated controls (MJN110 R2 = 0.40, p = 0.050; vehicle R2 = 0.26, p = 0.136).





DISCUSSION

MJN110 treatment restored intracellular [Ca2+]i response and dendritic branching complexity in Tat-treated neurons to that of vehicle-treated controls in vitro, and shifted reversal task acquisition latency among Tat(+) subjects to within the statistical range of Tat(-) controls in vivo. Given that the behavioral effect corresponded with significant Tat-induced and MJN110-induced increases in hippocampal, prefrontal cortex, and striatal 2-AG levels, the observed latency shift could be linked to treatment-dependent alteration of perceived reward salience.

Tat has been shown to induce neurotoxicity and synaptic damage across murine models of HIV, presenting as N-methyl-D-aspartate (NMDA) receptor phosphorylation, cytokine secretion, expression of apoptotic proteins, reduction of neurite length, and reduced appearance of puncta along neuronal processes (57, 72–75). Increasing 2-AG and AEA have previously been found to rescue effects of Tat in PFC neurons presenting as downregulation of high intracellular calcium levels and increased neuronal survival (20); further, 2-AG has a larger therapeutic window relative to AEA due to its higher physiological expression (76). Both 2-AG and MAGL are implicated in immune activation response control in macrophages and microglia, where 2-AG prevents proinflammatory cytokine production (77) and downregulates hippocampal inflammation-induced cyclooxegenase (COX)-2 expression in response to excitotoxic stimuli (78). MJN110-induced reduction of Tat-driven excitability is likely mediated by inhibitory effects of CB1R agonism in vitro as well as interactions with eicosanoid signaling pathways in vivo (79), though a CB1R knockout mouse model or co-administration of a CB1R antagonist such as rimonabant would be required to specifically delineate this potential mechanism.

While MJN110 and similar drugs have shown therapeutic potential in models of inflammation-associated neural dysfunction (32, 80), motivation regulation (81), stress (82), and neuropathic pain (83), beneficial aspects of these treatments may not generalize across test conditions. Elevation of 2-AG may regulate neural activity in subjects susceptible to excitotoxicity, but in a normal physiological context, the upregulation may result paradoxically in proinflammatory effects due to 2-AG hydrolysis into AA. AA metabolizes into other proinflammatory prostaglandins and eicosanoids (84) reported previously to be increased in women living with HIV (85). An interaction might exist between Tat(–) and Tat(+) subjects such that MJN110 treatment may shift activity of Tat(+) subjects closer to the level of Tat(–) untreated controls. MJN110 may have no additional beneficial effect in physiological systems wherein inhibitory correction is not needed. Alternative strategies may thus target upstream diacylglycerol lipase, responsible for biosynthesis of 2-AG (86). As MJN110 appears to drive different patterns of behavioral and neuronal activity and structure across physiological and pathological conditions, it could be explored whether depletion of 2-AG upstream might have greater neuroprotective potential as proinflammatory metabolites are further reduced and potential adverse effects of excessive 2-AG upregulation are functionally precluded (87, 88).

The finding that MJN110 (1 mg/kg) significantly upregulated AEA levels in the PFC of Tat(+) mice warrants further exploration. FAAH inhibition has shown to have brainregion-dependent effects on 2-AG levels (89), but the reverse effect for AEA with MAGL inhibition is less commonly found. While earlier-generation MAGL inhibitors such as JZL184 have some known cross-reactivity with FAAH, more selective MAGL inhibitors including MJN110 (25, 61) or KML29 (24, 90) show negligible cross-reactivity with FAAH and do not elevate AEA levels in the whole brain (24, 25, 61, 90). Similarly, we have not seen any AEA elevation in control, Tat(–) mice following repeated treatment with MJN110 at 1 mg/kg. It is likely Tat expression alone modifies endocannabinoid system function in such a way that MAGL blockade results in AEA elevation not observed in control animals, and the mechanism remains to be elucidated. It has been shown previously that Tat reduces the potency of 2-AG-induced inhibition on excitation (30).

HIV-1 has been shown to exert damage to dopaminergic cells and cause synaptic connectivity loss in dopaminergic projection pathways (91), presenting frequently in infected individuals as apathy and motivation dysregulation (92, 93). These behavioral sequelae of HAND are accompanied by increased markers of inflammation in the striatum (94). HIV-1 infection and substance abuse disorders are frequently comorbid (95, 96), and previous work has shown that neurons in regions implicated in reward seeking, such as the medial PFC, are hyperexcitable in the presence of HIV, particularly in models of salient reward self-administration (97, 98). As Tat binds and produces conformational changes to dopamine transporters (99, 100), rewarding effects of reinforcers are also influenced by direct Tat-induced inhibition of dopamine uptake in the striatum (101, 102). Specifically, Tat has been demonstrated to inhibit dopamine transporter (DAT) reuptake function by interacting (i.e., forming hydrogen bonds) with the DAT residues Tyr88 and His547 (103–106). Further, the resulting dopaminergic alterations can drive inflammation and immune dysfunction in PWH (107, 108) and increase susceptibility of these individuals to behavioral dysregulation presenting as greater addiction severity and HAND (109). Given the highly significant effect of MJN110 treatment on striatal 2-AG levels observed presently, subsequent investigations will shift focus to the effect of Tat and MJN110 on reward-seeking behavior as a proxy for motivation.

To better elucidate the effect of MJN110 on potential Tat-induced addiction-like behaviors (110), a progressive fixed ratio reinforcement schedule will be employed in an operant-conditioning task to assess reward-related motivation differences between genotypes and treatment groups. If data are consistent with Kesby et al. (67) and the effect of Tat is altered by MJN110 treatment, it is likely that the most influenced behavioral effect of the drug relies upon its action in cortico- and mesolimbic circuitry.



CONCLUSION

As efforts continue to address shortcomings of currently available therapeutics in HIV-1 treatment, the present study aimed to characterize a potentially viable neuroprotective drug which has been shown to attenuate inflammatory responses across numerous models of CNS insult. Analyzing MAGL inhibition effects on Tat-induced behavioral, neuronal, and endocannabinoid level changes served as a proxy for understanding functional outcomes of chronic endocannabinoid signaling modulation, and whether targeting 2-AG at the stage of hydrolysis may be restorative in models of HAND. While the mechanistic actions and biological outcomes of novel cannabinoid drugs continue to be investigated, characterization of these compounds in disease states (particularly those which currently remain only partially suppressed) serves to broaden our understanding of their utility across models of inflammatory nervous system insult.
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ARV drug

CSF Plasma Reference
ng/mL nM ng/mL nM
DTG 18 43 3360 8000 (20)
FTC 109 441 254 1027 (31)
EFV 13.9 44 2145 6795 (31)
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Domain/tests F p-Value Effect size Eta?

Psychomotor

Digit symbol
Treatment arm 1.78 0.19 0.03
Time 1151 <0.01 035
Interaction 029 0.83 001

Color trails 1
Treatment arm 308 0.09 005
Time 2584 0.06 0.12
Interaction 027 0.85 001

Executive function
Digits backward

Treatment arm 0001 097 0001
Time 037 077 0.02
Interaction 0.86 0.47 0.04

Color trails 2
Treatment arm 335 0.07 005
Time 19.41 <001 0.48
Interaction 088 0.46 0.04

Action fluency
Treatment arm 0.70 0.41 001
Weeks 9.60 <0.001 031
Interaction 263 0.06 011

First Narme fluency
Treatment arm 001 091 0001
Weeks 568 0.002 021
Interaction 048 070 002

Learning and Memory
HVLT-R learning

Treatment arm 0.14 071 0,002
Time 29.10 <001 058
Interaction 013 094 0002

HVLT-R delay
Treatment arm 071 0.40 001
Time <001 054
Interaction 24.200.36 078 0.02

BVMT-R learning
Treatment arm 081 037 001
Time 16.46 <0.01 0.44
Interaction 0.40 075 0.02

BVMT-R delay
Treatment arm 081 037 001
Time 8.14 <001 028
Interaction 0.14 093 0.007

Motor

Pegboard dominant
Treatment arm 322 0.07 005
Time 3138 <0.001 060
Interaction 082 0.49 0.04

Pegboard nondorminant
Treatment arm 315 0.08 005
Time 525 0.003 020
Interaction 1.19 032 005

Timed gait
Treatment arm 007 0.80 0,001
Time 7.68 <0.001 027
Interaction 210 o1 0.09

Significant effects are in bold. Trend level effects p < 0.07 are indicated in italics.
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Domain/test HIV-HCV HIvV Controls F p-Value Eta?

mean (SD) mean (SD) mean (SD)

Psychomotor 1.02 039 0.009
Digit Symbol 45 (15) 46 (16) 42(16) 131 027 001
Color Trails 1 45 (15) 45 (14) 49 (16) 173 0.18 0.02
Executive function 1.92 0.06 0.03
Digits backward 70 80 7@ 1.67 0.19 001
Color trails 2 94 (30) 91 (31) 96 (28) 052 0.60 0.005
Action fluency 10(4) 12(5) 1@ 552 0,005 0.05
First name fluency 20 5) 21(5) 21(4) 233 0.10 002
Learning and memory 1.70 0.10 002
HVLT-R learning 22(5) 24(6) 24 (5) 297 005 003
HVLT-R delay 8(2) 8(@) 22 3.09 004 0.03
BVMT-R learning 22(7) 24(7) 23(7) 131 027 0.01
BVMT-R delay 209 909 92 077 057 0005
Motor 296 0.007 0.04
Pegboard dom 66 (10) 64(12) 64(14) 1.08 034 0,009
Pegboard nondom 73(15) 70 (14) 73(16) 1,69 0.19 002
Timed gait 16(4) 16(4) 143 5.60 0.004 0.05

Bold values indicate statistically significant differences between groups on that outcome variable. Italics indicate trend level significant difference between HIV groups on a given variable.
HVLT-R, Hopkins Veerbal Learning Test-Revised: BVMT-R, Brief Visuospatial Memory Test- Revised.
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Psychomotor speed Executive function Learning and memory Motor
HIV-HOV 9% 20% 19% 24%
HIV 8% 16% 21% 20%
Controls 16% 17% 16% 10%

Impairment was defined by scoring <1.00 standard deviation below the mean.
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Variable

Age (years)®® 397 (16) (16-71)
Ethricity
Cavcasian Q%
Afican-American 136%
Hispanic/Latino 125%
Asian 68%
MuliRace 11%
Not discosed %
Gender (% men® 519%
Blood Type
o+ 298%
A 205%
o 102%
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A 11%
B 11%
Not disciosed 17%
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Ratio iTat Inj iTat Food

n=11 n=13
MMP-9/TIMP-1 0.95 (0.38) 12403
MMP-2/TIMP-2 1.26 (0.28) 1.200.2)
MMP-2/TIMP-1 1.05 (0.38) 1,34 (0.25)"
MMP-9/TIMP-2 1.13(032) 1.11(021)

TIMP-1, TIMP-2, MMP-9, and MMP-2 mRNA fold change values presented in Figure 7
were used to obtain the above ratios in iTat mice. The ratios were calculated from the mean
of relative fold change calculated for iTat mice, relative to their treatment time matched
WT controls. Each row represents the mean + Standard Deviation *p < 0.05 for same
Strain comparisons across Treatment Time by one-way ANOVA.





OPS/images/fneur-11-593188/fneur-11-593188-g001.gif
Intraperitoneal Injections (DOX 100 mg/kg/day)
inocions | [ zmocvons ] [ tinscton |

57 Months Wook 0 ][ Woak 1] [ Wook2 ] [ Wooks ] [ Weoks
CoTB/6) Wi Mice
otnsen s 4. Discriminatod|
1. Elevatod Rovarsal
TTathica Plus Mazo (T-Mazo)
=12 @0 4 (1639 |3, Mors 3. Moris | (4592%3)
Water | Water .
CERIT W Hice 2. Locomotor| Maze | Mazo | 5 gumanasia,
113 o 9 i Activiy | (1da) | @days) | > SRl
(taay) Harversting
TatMico (13 days)
0513 ot

45 Wooks ]| ~6 Months ][ Weok0 ] [ Woek1 ] [ Weok2 ] [ Weoks ] [Weeks

Food (DOX ~5-6 mg/day)

o

2

prouin
A aAeon
et Exprosion 109
2z ¢
oo
St

e =





OPS/images/fneur-11-593188/fneur-11-593188-g002.gif
& 1500,
g
2 ° - o °
g £
fw B o o 4.
H ° ] Jlo LA
g H o
2 3 . 2 .
En{[o] £ ¢ 3 s o
s [e
£ 3 o
£
o0l ﬁ, r%
o o M - o o
W M wr i Wi e wr
“Trjectors~ ~Food njections _Food
Moan 213 8 89 74 ean 767 T T3 63
Mean e 15 17 13 Mon 5 84 & 42






OPS/images/fneur-11-593188/fneur-11-593188-g003.gif





OPS/images/fneur-11-593188/fneur-11-593188-g004.gif
1200 ° =
& W ijoctions

Path Length (cm)

& Matinjoctions

50 - WTFood
- TatFood

00:

s

20

Seeeoe v





OPS/images/cover.jpg
Kelly Stauch and
PUBLISHED IN: Frontiers in Neurology and Frontiers in Immunology.

&P frontiers Research Topics





OPS/images/fneur-12-602263/fneur-12-602263-t001.jpg
HIV-HCV (n = 80)

Sex (male) 68(87%)
Age (years) 32 (31-36)
Plasma CD4 (cells/pL) 118 (27-280)
Plasma HIV viral load (Iog10 copies/mL) 52(4.95.5)
Plasma HCV viral load (log10 copies/mL) 6.6(65.7-7.2)
Beck Depression Inventory-Il 16(14)
Education

Secondary school 63 (80.8%)
High school 8(10.3%)
College and above 70.0%)

HIV(n = 80)

69 (86%)
32 (27-87)

1450 (12)

68 (85.0%)
7(8.8%)
5(6.3%)

Controls (n = 80)

62 (78%)
31 (24-49)

7.00(10)

64 (80.0%)
13 (16.3%)
3(3.8%)

p-value

0.191
0.945

<0.0001
0.437

Summary statistic is absolute count (%) for categorical variables and median (IQR) for continuous data. Bold values represent statistically significant differences between groups.





OPS/images/fneur-12-602263/fneur-12-602263-g001.gif





OPS/images/fneur-12-602263/fneur-12-602263-g002.gif





OPS/images/fneur-12-602263/fneur-12-602263-g003.gif
- .
= o SR





OPS/images/fneur-12-602263/fneur-12-602263-g004.gif
e






OPS/images/fneur-12-604984/fneur-12-604984-g003.gif
D o Gmes e,
e aliss S e ey






OPS/images/fneur-12-604984/fneur-12-604984-t001.jpg
Unimpaired  Profile1-VS: Profil

sequencing  and manual speed

2-Vs: Profile3-Vs:
n (%) executive  processing speed,  learning and
functionand executive function,  recall n (%)

n (%) n (%)
Sample size 311 129 144 137
Enroliment wave
1994-1995 126 (41) 39(30) 55(38) 48(35)
2001-2002 59 (19) 29 (29) 29(20) 17 (12)
2011-2013 32 (10) 16 (12) 10(7) 14(10)
2013-2015 94 (30) 45 (35) 50 (35) 58(42)
Clinic site locations
Chicago, DC, LA, NY, SF 212 (69) 84 (65) 95 (66) 79(58)
Alanta, Birmingham, Chapel Hil, 99(32) 4535) 4934) 58(42)
Jackson
Sociodemographic
Age, M (SD) 46.7 (8.1) 45.8 (8.6) 47.3(8.9) 46.8(8.5)
Years of Education, M (SD) 12.8(33) 13.0 2.9) 12,5 (3.0) 12.4(27)
Race
Black non-Hispanic 202 (65) 103 (80) 104 (72) 94 (69)
Hispanic 45 (15) 76 15(10) 18(19)
Other 8(3) 5(4) 8(6) 3@
White 56 (18) 14.(11) 17 (12) 22(16)
Annual income <§12,000 per year 126 (41) 62 (48) 80 (56) 65 (47)
Employed 152 (49) 47 36) 41(29) 58(42)
Insured 294 (95) 125 (97) 140 (97) 135 (99)
Mental health and substance use
Depressive symptoms 66 (21) 39(30) 51(35) 46 (34)
Higher perceived stress 81 (26) 52 (40) 50 (35) 44 (32)
Post-traumatic stress 39 (18) 32 (25) 24(17) 27 (20)
Crack/Cocaine/Heroine
Recent 16(5) 40 9(6) 8(6)
Former 170 (55) 58 (45) 79(55) 66 (48)
Never 125 (40) 67 (52) 56(39) 63 (46)
Marjuana use
Recent 63 (20) 23 (18) 22(15) 25 (18)
Former 170 (55) 63 (49) 77(54) 68 (50)
Never 78 (25) 43(33) 4531) 44 (32)
Smoking
Current 106 (34) 41(32) 60 (42) 62 (45)
Former 105 (34) 36 (28) 41(29) 29(21)
Never 100 (32) 52 (40) 43 (30) 46 (34)
Heavy drinker 20(6) 8(6) 8(6) 5(4)
Female-specific factors
Ever pregnant 277 (89) 117.©1) 131(91) 124 (91)
History of oophorectomy 54(18) 20(17) 20(15) 30(29)
Ever use oral contraceptives 260 (84) 101 (78) 119(83) 106 (77)
Ever use hormone therapy 65 (21) 25 (19) 38(26) 27 29)
Menopause stage
Pre- 109 (36) 45 (36) 48 (34) 41 (30)
Peri- 57 (19) 27 (22) 28(20) 26(19)
Post- 140 (46) 52 (42) 65 (46) 68 (50)
HIV-related clinical characteristics
Nadir CD4 (celis/mL) 306 (236) 310 (287) 306 (229) 311(218)
Current CD4 (cells/mL) 677 (343) 660 (317) 705 (312) 682 (311)
Years of effective ART 793(475)  7.59(459) 8.33(4.29) 7.77 (4.59)
Viral Load (log) 3.45 (0.44) 3.40 (0.44) 3.41(0.44) 3.33(0.48)
ART adherence (95%) 270 (87) 119(92) 129 (90) 120 (88)
Non-ART use
NCAE 60 (19) 23(18) 35 (24) 23(17)
Meds with anticholinergic properties 34 (1) 14 (11) 25 (17) 16(12)
Anticonvulsants 90 504) 5(4) 3@
Statins 19.(6) 6(5) 13(9) 9
Anticholinergics a(1) 3@ 4@ 101)
Antipsychotics 11 (4) 5(4) 11(8) 5(4)
Amphetamines 2(1) 1) 00 0
Opioids 24(8) 76) 5(4) 76
Beta blockers 70) 3@) 6(4) 22
Gastrointestinal agents a(1) 2(2) 6(4) 2@
Antihistamines 15(5) 6(5) 6(4) 5()
Muscle relaxants. 8@ 1) 4@ 2@
Antidepressants 34(11) 12(9) 20(14) 13(10)

ART, antiretrovirals; M, mean; NCAE, medications with adverse neurocognitive effects; SD, standard deviation.

Profile4-Vs:

learning,

memory, and
speed n (%)

86

32(37)
13 (15)
10 (12)
3136)

54 (63)
32(87)

47.48.1)
12.129)

65 (76)
12 (14)
20
7@
60 (70)
23(27)
85(99)

39 (45)
42 (49)
26(31)

61
46 (54)
34 (40)

13(15)
49(57)
24 (28)

34 (40)

24 (28)

28(33)
5(6)

77 (90)
25 (30)
70(81)
11(18)

25 (29)
13(15)
47 (55)

322 (214)
629 (287)
8.02 (4.49)
335 (0.43)
76(88)

2327
19(22)
2()
46)
3@
11(19)
0(0)
56
2@)
56
56
0©)
16(19)

Profile5-Vs:
global
weakness,
processing
speed n (%)

122

49 (40)
26 (21)
7(6)
40 (33)

81(66)
4134

446(0.9)
12929

89(73)
16 (13)
6(5)
1(9)
64(53)
43(35)
115 (94)

43 (35)
45(37)
19(16)

5(4.1)
35(29)
82(67)

9(7)
54 (44)
59 (48)

36(30)

28(29)

58 (48)
40

114(99)
16 (14)
86(71)
24(20)

58 (48)
19(16)
4537)

304 (206)
664 (288)
8.47 (4.45)
3.41(0.44)
109 (89)

19(16)
119.0)
5@.1)
767
0(0.0)
108
0(0.0)
483
108
2(1.6)
433
108

16 (13.1)

p-value

032

0.42

0.10
0.19
0.05

<0.001
<0.001
0.16

<0.001
0.001
<0.001

<0.001

0.002

0.01

071

0.84
0.04
0.05
0.26
0.19

0.99
0.63
0.62
014
0.70

022
0.03
0.93
0.71
027
<0.001
0.64
0.39
0.56
0.09
0.95
0.40
0.28
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Sociodemographic
Age
Years of education
Race
Black non-Hispanic
Hispanic
Other
White, non-Hispanic
Annual income <$12,000 per year
Employed
Insured
Mental health and substance use
Depressive symptoms
Higher perceived stress
Post-traumatic stress
Crack/Cocaine/Heroine
Recent
Former
Never
Marijuana use
Recent
Former
Never
Heavy drinker
Smoking
Recent
Former
Never
Female-specific factors
Ever pregnant
History of copherectomy
Ever use oral contraceptives
Ever use hormone therapy
Menopause stage
Peri-
Post-
Pre-
Non-ART use
NCAE

Meds with anticholinergic properties

Anticonvulsants
Statins
Anticholinergics.
Antipsychotics
Amphetamines
Opioids

Beta blockers
Gastrointestinal agents
Antihistamines

Muscle relaxants
Antidepressants

Unimpaired
n (%)

400

111(28)
161 (40)
44 (1)
84(21)

312(78)
83(22)

4339.7)
12.7(32)

266 (66)
84 (21)
16 (4)
35(9)
165 (41)
201 (50)
302 (76)

99 (25)
135 (34)
77 (19)

33(8)
200 (50)
167 (42)

85(21)
226 (57)
89 (22)
59(16)

172 (43)
114 (29)
114 (29)

366 (92)
48(13)
340 (85)
63(16)

74(19)
134 (34)
182 (47)

53(13)
41(10)
1)
13(3)
4
13(3)
10
16 (4)
3(1)
5(1)
17 (4)
7@
29(7)

Profiled-UN: Profile2-UN: Profile3-UN:
visualand  learning, recall,and motor speed
motor speed  verbal fluency n (%) n (%)
n (%)

68 58 72
1928) 20(35) 25(35)
33 (49) 16(28) 25 (35)

5() 50 46)
11(16) 1729) 18 (25)
56 (82) 41(71) 54(75)
12(18) 17(29) 18 (25)

42.497) 42.6(10.9) 43.4(10.9)
13.0(2.9) 127 29) 12.9(2.6)
47 (69) 40 (69.0) 48(67)
12(18) 10(17) 12(17)
50 2@ 34
40 6(10) 9(13)
31 (45.6) 27 (46.6) 38 (63)
22 (32.4) 24(41.4) 22 31)
55 (81) 43 (74) 61(85)
30 (44) 19(33) 34.(47)
29 (43) 26 (45) 3447
21 (31) 12(21) 20 (28)

7(10) 8(14) 8(11)
30 (44) 27 (47) 35 (49)
31 (46) 23 (40) 29 (40)
2131) 18(31) 919
28 (41) 24 (41) 49 (68)
1928) 16 (28) 14(19)
10 (16) 5(10) 9(13)
34 (50) 27 (47) 3143
1827) 15 (26) 21(29)
16 (24) 16(28) 20(28)
62 (91) 53(91) 63 (88)
7(10) 9(17) 69
51(75) 46 (79) 61(85)
11(16) 11(19) 11(15)
7011 12(22) 16(23)
20 31) 19(35) 25(35)
38(59) 24 (44) 30 (42)
12(18) 8(14) 12(17)
10(15) 5(9) 9(13)

0() 3(5) 3(4)

4(6) 2(4) 2

2() 10 2

4(6) 3 1(1)

10 0(0) 0(0)

4(8) 30 6(8)

10 10Q 2

0() 1) 2(3)

2@) 2 1(1)

2@ 1@ 2@

6(9) 6(10) 7(10)

ART, antiretrovirals; M, mean; NCAE, medications with adverse neurocognitive effects; SD, standard deviation.

Profiled-UN:
learning and

memory n (%)

75

28(37)
20(27)
70
20 (27)

52 (69)
23(31)

44.5(9.0)
12.4(2.5)

45 (60)
12 (16)
70
11(15)
40 (53)
31(42)
48 (64)

17 (23)
20 27)
13(17)

70
41(65)
27 (36)

19 (25)
48 (64)
8(11)
9(13)

37 (49)
24(32)
14 (19)

66 (88)
12 (17)
60 (80)
11(15)

12 (16)
26 (36)
35 (48)

8(11)
6@®
2@
50
1)
50
0O
34
20
1M
11
1)
50

Profile5-UN:
learning,
memory, and
speed n (%)

44

17 (38.6)
12 27.9)
5(11.4)
10 22.7)

34(77.3)
10(29)

443(11.1)
12.9(3.7)

33(75)
7(16)
30
1)
25(57)
17 (39)
35(80)

14(32)
15(34)
9(20)

2(5)
19(43)
23(52)

13(30)

21.(48)

10(23)
3

21 (48)
13 (30)
10 (23)

42(96)
5(12)
35(80)
6(14)

7(16)
18 (41)
19 (43)

5(11)
3
0(0)
2(6)
0(0)
1Q
0(0)
26
0(0)
00
0(0)
1@
30

p-value

0.24

0.40

0.78
0.89
0.45

0.13
0.008
0.07

<0.001
0.05
0.19
0.77

0.01

0.57
0.91

0.69
0.68
0.34
0.98
0.75

0.81
0.70
0.40
0.70
0.65
0.47
0.62
0.72
0.64
0.72
0.48
097
0.93
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