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Abstract

The etiology and pathogenesis of human immunodeficiency virus type-I (HIV)-associated 

neurocognitive disorders (HAND) remain undetermined and are likely the produce of multiple 

mechanisms. This can mainly include neuronal injury from HIV, inflammatory processes, and 

mental health issues. As a result, a variety of treatment options have been tested including 

NeuroHIV-targeted regimens based on the central nervous system (CNS) penetration effectiveness 

(CPE) of antiretroviral therapy (ART) and adjuvant therapies for HAND. NeuroHIV-targeted 

ART regimens have produced consistent and statistically significant HIV suppression in the CNS, 

but this is not the case for cognitive and functional domains. Most adjuvant therapies such as 

minocycline, memantine, and selegiline have negligible benefit in the improvement of cognitive 

function of people living with HIV (PLWH) with mild to moderate neurocognitive impairment. 

Newer experimental treatments have been proposed to target cognitive and functional symptoms 

of HAND as well as potential underlying pathogenesis. This review aims to provide an analytical 

overview of the clinical treatment options and clinical trials for HAND by focusing on NeuroHIV-

targeted ART regimen development, CPE, and adjuvant therapies.
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1 NeuroHIV-Targeted Combination Antiretroviral Therapy

Although combination antiretroviral therapy (ART) has markedly reduced morbidity and 

mortality among people living with HIV (PLWH) (Cysique et al. 2004; Deutsch et al. 2001), 

the prevalence of HIV-associated neurocognitive disorders (HAND) remains high, with 

current estimates ranging from 35% to greater than 50% depending on disease stability and 

viral suppression status (Brouillette et al. 2015; Calcagno et al. 2018). Several etiological 

factors may be responsible for such a high prevalence of HAND.

Besides well-studied contributing factors such as lower nadir CD4+ T-cell count, substance 

use disorders, cardiovascular diseases (CVD), mood disorders, education, and hepatitis C 

virus (HCV) coinfection, the importance of underlying mechanisms has been increasingly 

recognized including patient-related (e.g., age and inflammation), virus-related (e.g., 

persistent viral replication in the central nervous system (CNS) and microglia/perivascular 

macrophage infection), and treatment-related (e.g., suboptimal ART distribution in the CNS 

and neurotoxicity) (Ellis and Letendre 2016; Lanman et al. 2019; Letendre 2011). Since 

people with HAND have a lower quality of life, are more frequently unemployed, and have 

poor medication adherence and impairment in other activities of daily living in addition to 

a higher risk of death (Ellis et al. 1997; Sevigny et al. 2007), development of ART with 

higher CNS penetration effectiveness (CPE or referred more generally as NeuroHIV-targeted 

ART in this chapter) and optimization of ART for neurocognitive outcomes remain critically 

needed for the long-term HIV management.

Despite the high prevalence of HAND and the importance of healthy cognition to the quality 

of life in PLWH, consensus treatment guidelines for NeuroHIV-targeted ART have yet to 

be formulated, as they require a high level of clinical evidence. In particular, controversy 

remains about whether antiretroviral penetration into the CNS is clinically important 

for treating HAND. One of the major hurdles for the development and optimization 

of NeuroHIV-targeted ART is the accessibility of antiretrovirals across the blood–brain 

barrier (BBB). The BBB can limit the distribution of ART in the CNS, creating a 

distinct pharmacologic compartment (Letendre 2011). Differences between antiretrovirals in 

crossing the BBB and brain concentrations may partially explain inter-individual variances 

in susceptibility to HAND among treated individuals (Decloedt et al. 2015).

In addition, the CNS can serve as a virologic compartment (Marban et al. 2016), providing 

potential targets for interventions, in particular, most adjuvant therapies for HAND (Fig. 1). 

Viral proteins can cross the BBB via transcytosis or paracellularly followed by infections of 

astrocytes and microglia. HIV-infected T cells and monocytes can also migrate into the brain 

to induce chronic inflammation, in which inflammatory cytokines further activate astrocytes 

and microglia. The astrocytes/microglia activation leads to an increased permeability of 

BBB and release of glutamine and other neurotoxic cytokines, eventually causing neuronal 

injuries and contributing to HAND (Letendre 2011; Bougea et al. 2019; Hong and 

Banks 2015). Despite successful peripheral suppression, HIV remains detectable in the 

cerebrospinal fluid (CSF) in ~5 to 15% individuals receiving ART (Perez Valero et al. 2014), 

which has been referred as “CSF viral escape” (Eden et al. 2010), suggesting that ART with 

a better penetration might be associated with a better control of viral replication in the CNS.
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One of the major practical attempts to target NeuroHIV is the development and validation 

of the CPE score system for ART from the CHARTER (Ellis and Letendre 2016; Letendre 

2011). The CPE was first established in 2008 (CPE 2008), and antiretroviral drugs were 

assigned into three ranks from 0 (low), 0.5 (intermediate), to 1 (high) mainly based on their 

penetration profiles (Letendre et al. 2008). In 2010, CPE was revised to 1, 2, 3, and 4 with 

larger numbers reflecting better penetration and CNS effectiveness (CPE 2010) (Letendre 

et al. 2010). The CPE ranks antiretroviral agents according to their physicochemical 

properties (e.g., molecular weight, protein binding, and octanol-water partition coefficient), 

CSF concentrations, and efficacy based on CSF virologic suppression (Table 1) (Letendre 

2011; Letendre et al. 2008). The score of a combination ART regimen is calculated by 

summing the values of individual agents. The objective of this review is to provide an 

analytical overview of relevant data and accumulating evidence on the clinical trials of 

NeuroHIV-targeted ART regimens with a particular reference to CPE and adjuvant therapies 

tested as potential options to prevent and treat HAND.

2 Association Between CPE and HIV Suppression in the CSF

The 12 clinical studies with detailed data on ART regimens and viral load in the plasma and 

CSF were selected to determine if higher CPE was associated with a better HIV control in 

the CSF (Table 2). The majority of the clinical studies (n = 9, 75%) concluded with positive 

findings. For instance, among 401 participants from the CHARTER cohort followed up for 

34 months, ART regimens with lower CPE were significantly associated with detectable 

HIV RNA levels in the CSF over time (Livelli et al. 2019). An early study in 142 patients, 

who underwent lumbar punctures due to neurological complications, demonstrated that low 

CPE (<2, CPE 2008) was linked with detectable HIV RNA in the CSF despite aviremia 

(Rawson et al. 2012). These clinical studies included prospective, longitudinal ones with 

a relatively small sample size and large retrospective and cross-sectional analyses that 

consistently demonstrated an association between CPE and HIV suppression in the CSF.

Among the three studies showing no association, two were cross-sectional with a relatively 

small sample size. Eden et al. reported similar mean CPE between 7 CSF viremia and 62 

CSF aviremia (7.3 vs. 7.4, CPE 2010), all of whom had undetectable concentrations of 

HIV RNA in plasma, and concluded that CPE is not a predictor for CSF viremia (Eden 

et al. 2010). The other study retrospectively analyzed 155 patients from the Frankfurt HIV 

Cohort, among whom 131 received ART with high CPE (mean 7.3, CPE 2010) versus 24 

on boosted dual protease inhibitors (bdPI) with low CPE (mean 4.2, CPE 2010). Although 

the proportion of undetectable CSF HIV virus was lower in the bdPI group, the median 

CSF viral load was significantly higher (600 vs. 50 copies/mL, p = 0.027), suggesting 

viral replication in the CNS over time due to the low CPE of dbPI regimens; however, 

no significant correlation was noted between CPE and quantitative HIV-1 RNA in the 

CSF (Donath et al. 2016). The only well-designed randomized clinical trial (RCT) of 

NeuroHIV-targeted ART in 49 patients with HAND was prematurely interrupted due to 

slow accrual and imbalance among study arms. After 16 weeks follow-up, the use of a 

NeuroHIV-targeted ART regimens (n = 26, mean CPE 2.5, CPE 2008) resulted similar 

plasma and CSF HIV viral suppression in comparison to that with the non-targeted ones 

(n = 23, mean CPE 1.0, CPE 2008) (Ellis et al. 2014). Importantly, significant limitations 
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presented in these studies, such as relatively small differences in CPE between groups, the 

cross-sectional nature, complex NeuroHIV-targeted regimens, and the small sample size in 

the randomized clinical trial, which made interpretations of study findings challenging.

In summary, the majority of the observational studies demonstrated that ART regimens with 

high CPE were associated with better HIV suppression in the CSF. Therefore, optimization 

of ART regimens based on CPE remains a practical approach for HIV management in the 

CNS.

3 Association Between CPE and Neurocognitive Improvement

Controversies have mostly centered on the associations between CPE and neurocognitive 

improvement. Although mounting evidence indicated that higher CSF HIV virus load 

predicted the progression of neurocognitive impairment, it remains largely unclear if the 

use of ART regimens with high CPE to achieve better HIV control in the CNS would 

lead to subsequent improved neurocognitive performance (Ellis et al. 2002). Among 18 

studies assessing the association between CPE and neuropsychological performance (Table 

3), 8 (44%) concluded higher CPE associated with neurocognitive improvement, 3 (17%) 

showed an inverse relationship, and the rest 7 (39%) showed no interaction. Except for two 

RCTs, 16 studies (89%) were observational without control, including 8 prospective cohort 

and 8 cross-sectional analyses. In the AIDS Clinical Trials Group (ACTG) A5175 study, 

860 treatment naïve participants were randomized to three groups receiving lamivudine-

zidovudine-efavirenz (CPE = 9, CPE 2010, n = 289), atazanaviremtricitabine-didanosine 

(CPE = 7, CPE 2010, n = 293), and emtricitabinetenofovir-disoproxil fumarate-efavirenz 

(CPE = 7, CPE 2010, n = 278). At week 192 follow-up, neurocognitive performance 

significantly improved, but no differences were observed between treatment regimens 

(Robertson et al. 2012). The other RCT with only 49 participants did not show a significant 

improvement of neurocognitive performance at week 16 in CNS-targeted ART group with 

high CPE (Ellis et al. 2014).

The largest prospective study was conducted in ACTG Longitudinal Linked Randomized 

Trials (ALLRT) cohort involving a total of 2636 aviremic participants, who received 

neurocognitive tests every 48 weeks. After a median 4.7 years of follow-up, the ALLRT 

study demonstrated that higher CPE was associated with better neurocognitive functioning 

(Smurzynski et al. 2011). Another French prospective study included 96 participants with 

a median viral load of 10,760 c/mL at the baseline, 71 (74%) without HAND and 25 

(26%) with HAND at baseline, with a median 22 months follow-up. The neurocognitive 

tests revealed that 6 (6%) improved, 31 (32%) worsen, and 59 (61%) stable. Lower CPE at 

baseline (6.9 vs. 8.1, CPE 2010) and at the end of follow-up (7.2 vs. 7.8, CPE 2010) were 

independently associated with clinical neurocognition deterioration (Vassallo et al. 2014). In 

contrast to the findings from most prospective studies (5 positive, 1 no interaction), Marra 

et al. reported that high CPE (≥2, CPE 2008) was associated with poor neurocognitive 

performance, despite better HIV viral suppression in the CSF among 79 participants with 

advanced HIV disease beginning or changing a new ART, who received neurocognitive 

tests at baseline, week 24, and week 52. One possible and appealing explanation for such 

a discrepancy was that ART with high CPE exhibited more neurotoxicity in advanced HIV 
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disease (Marra et al. 2009). In fact, neurotoxicity of ART, as summarized in Table 1, has 

become an increasing concern especially for HAND and elderly PLWH. A theoretical model 

has been proposed that predicts a cognitive deterioration after an initial improvement due 

to the inhibition of viral replication, most likely dictated by long-term ART neurotoxicity 

(Underwood et al. 2015).

In addition to the conflicting results from these prospective studies, the findings from 

several large cross-sectional analyses are inconclusive. For instance, one Swiss cohort 

study involving 909 aviremic participants concluded that CPE was not associated with 

neurocognitive improvement (Santos et al. 2019). In another study from Italy, 660 

participants demonstrated that higher CPE was associated with poor neurocognitive 

performance (Libertone et al. 2014). More recently, HIV-CAUSAL Collaboration (1998–

2013) has concluded that initiation of ART with high CPE increases the risk of HIV 

dementia, but not of other NeuroHIV conditions after evaluating a total of 61,938 

individuals followed for a median of 37 months (Caniglia et al. 2014). Unfortunately, 

this conclusion suffered significantly from several pitfalls, such as obsolete ART regimens 

evaluated, focusing on the most severe form of HAND (i.e., HIV-associated dementia, 

HAD), and a small gap in the CPE scores among different groups. These findings 

nevertheless provided some useful information, particularly from both the analytical and 

pharmacological perspectives.

In summary, the association between CPE and neurocognitive performance remains 

questionable, and many factors might contribute to such an inconclusiveness. First, most 

studies were observational, and none of them evaluated integrase strand transfer inhibitor 

(INSTI)-based ART regimens. Second, the inclusion criteria varied significantly (e.g., with 

and without HAND at baseline, treatment naïve and experienced, and plasma/CSF viremic 

and aviremic), which makes interpretation and comparison challenging. In addition, the 

neurocognitive test used were inconsistent across these studies, and there was no consistent 

CPE cut-off score used across the studies either. Despite all these limitations, the findings 

in general supported the concept that high CPE was associated with better HIV suppression 

in the CNS and possible benefit of neurocognitive improvement, but with the caution of 

potential neurotoxicity from ART due to high CNS concentrations. Thus, large RCT and 

prospective studies, especially those focusing on INSTI-based regimens, are warranted to 

further evaluate clinical utility of CPE.

4 Adjuvant Therapies

Because of the persistence of HAND in many individuals despite the use of ART, numerous 

therapeutic strategies and adjuvant therapies have been investigated. With the discovery of 

the inferred mechanisms through which HIV might cause HAND (Fig. 1), predominantly 

neuroprotective strategies have been evaluated (Table 4). A total of 22 trials on various 

adjuvant therapies are identified and assessed, mostly double-blind RCTs with small sample 

sizes. Early investigations of potent anti-oxidants including OPC-14117 and CPI-1189 failed 

to show a significant improvement in cognitively impaired patients with advanced HIV 

disease (The Dana Consortium on the Therapy of HIV Dementia and Related Cognitive 

Disorders 1997; Clifford et al. 2002). Likewise, selegiline, a monoamine oxidase B inhibitor 
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with anti-oxidant properties, did not show significant benefit in an initial trial despite 

some verbal memory improvement at week 10 (Dana Consortium on the Therapy of 

HIV Dementia and Related Cognitive Disorders 1998). The other potential neuroprotective 

agent, peptide T, a short peptide derived from HIV envelop protein (gp 120), only showed 

negligible cognitive improvement in patients with mild impairment at the baseline (Heseltine 

et al. 1998). The results from clinical trials testing experimental approaches against neuronal 

apoptosis were mostly disappointing as well. Lexipafant, a platelet-activating factor (PAF) 

antagonist, showed no significant impact on neurocognition except some trends toward 

improvement of timed gait and learning in the Rey Auditory Verbal Learning Test (RAVLT) 

(Schifitto et al. 1999). Valproic acid, which inhibited neuronal apoptosis induced by PAF 

and glycogen synthesis kinase (GSK)-3β, only showed a weak trend toward improvement 

in neurocognitive performance (Schifitto et al. 2006). Two single-arm open-label trials on 

lithium, a mood stabilizer widely used to treat bipolar disorder and a neuroprotectant, 

providing neurons protection from apoptosis, also yielded inconsistent results (Letendre et 

al. 2006; Schifitto et al. 2009a).

Because of the initial promising results on selegiline, five additional RCTs were conducted 

for the transdermal formulation of this agent (Evans et al. 2007; Schifitto et al. 2007a, 

2009b), but unfortunately, all showed no significant benefit, except one demonstrating some 

better performance in RAVLT and Grooved Pegboard Test (dominant hand) (Sacktor et 

al. 2000). In addition, because of excitotoxicity in the HAND pathogenesis, memantine, 

a neuroprotectant and first-generation N-methyl-D-aspartate (NMDA) receptor antagonist 

that is commonly used for moderate to severe Alzheimer’s disease, was once considered 

a promising candidate for HAND treatment. However, a placebo-controlled study of 

memantine in HAND indicated no association with overall neurocognitive improvement, 

but only transit and moderate changes (Schifitto et al. 2007b; Zhao et al. 2010).

In the last 10 years, other new adjuvant therapies have been tested, also based 

on neuroprotection and anti-inflammation strategies. Minocycline, which has both anti-

inflammatory and neuroprotective effects, however, showed no benefit in two RCTs 

(Sacktor et al. 2011; Nakasujja et al. 2013). Rivastigmine, a cholinesterase inhibitor 

commonly used for Alzheimer’s disease, had no overall effects on neurocognition except 

some improvement in processing speed (Simioni et al. 2013), similar to that observed 

with lithium (Munoz-Moreno et al. 2017). Paroxetine, a selective serotonin reuptake 

inhibitor typically used for the treatment of depression, was compared to fluconazole, 

an anti-fungal agent with potent anti-inflammatory effect, in HAND. Unlike fluconazole 

that showed no benefit, paroxetine demonstrated some improvement in the neurocognitive 

test, although the clinical relevance for such a modest improvement remained questionable 

(Sacktor et al. 2018). Ketogenic diet (KD), which was associated with an improvement 

in brain metabolism due to its potent anti-inflammatory and antioxidant effects, was 

tested in HAND, which demonstrated significant better executive function and processing 

speed; however, the cognitive gains were not sustained after the usual diets resumed 

(Morrison et al. 2019). Despite those mostly negative, more promising and better-tolerated 

neuroprotective therapies are being developed. For instance, intranasal insulin therapy, 

targeting insulin signaling defect-related metabolic dysregulation in the brain, demonstrated 

a potential benefit by reversing hippocampal dendritic injury and cognitive impairment in 
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a mouse model, and a clinical trial (NCT03277222) is currently ongoing as a treatment for 

HANDs (Kim et al. 2019). Tesamorelin, a growth hormone-releasing hormone (GHRH), 

was approved as an injectable medication to treat abdominal fat accumulation in HIV. A 

randomized clinical trial conducted in PLWH with mild cognitive impairment and healthy 

elderly showed favorable effect on cognition improvement (Baker et al. 2012). Further 

phase 2 clinical trial of tesamorelin for cognition in the elderly PLWH is currently ongoing 

(NCT02572323).

Among age-related comorbidities, cardiovascular disease (CVD) and metabolic syndrome 

were strongly and independently associated with poor cognitive performance in PLWH 

(Foley et al. 2010; Wright et al. 2010). Even among the wellcontrolled with a long-term 

viral suppression, current CVD risk, past CVD, and age were independent risk factors 

for neuronal injury and inflammation, suggesting that vascular changes in the CNS lead 

to cognitive impairment (Cysique et al. 2013). Thus, potential interventions targeting 

CVD have been tested in different model systems without consistent findings. In HIV-1 

transgenic rats, an experimental model for HAND, chronic low-dose aspirin, reduced 

neuroinflammatory markers and oxidative stress (Blanchard et al. 2015). In vitro studies 

found that statin treatment decreased CD14+/CD16+ inflammatory monocyte subpopulation, 

which played a central role in the pathogenesis of HAND (Yadav et al. 2016). However, the 

analysis of 658 HIV+ patients in CHARTER showed that statin use was not associated with 

better neurocognitive performance (Letendre et al. 2007). A longitudinal analysis of a cohort 

nested from the Multicenter AIDS Cohort Study indicated that higher total cholesterol and 

low-density lipoprotein cholesterol were associated with faster rate of cognition decline. 

In addition, among patients with elevated cholesterol, statin use was associated with 

slower rate of cognition decline (Mukerji et al. 2016). In ACTG ALLRT cohort of 3949 

participants, neither statin (a median 133-week use) nor angiotensin-converting enzyme 

inhibitors (ACEI)/ angiotensin receptor blockers (ARB) (a median 180-week use) showed 

a significant effect on neurocognitive function (Erlandson et al. 2017). Future studies are 

needed for neurocognitive effects of these agents for CVD treatment among PLWH.

ART intensification with maraviroc has been recently suggested as an option for the 

clinical management of HAND in the context of viral suppression (Carroll and Brew 

2017). The rationales behind this suggestion include: (1) CCR5 receptor interactions 

with CNS reservoir cells are linked with CNS HIV and HAND; (2) Maraviroc, a CCR5 

receptor antagonist, has adequate CNS penetration, with low rates of resistance, inhibitory 

effects on CNS viral replication in monocyte/ macrophage cells (Kelly et al. 2013), and 

anti-inflammatory properties. A recent prospective, open-label pilot randomized controlled 

trial in participants with viral suppression and stable ART for 12 months found that 

maraviroc-intensified ART improved global neurocognitive performance without significant 

side effects (Gates et al. 2016; Robertson et al. 2016). The other study compared standard 

and maraviroc/raltegravir-intensified ART regimens in 62 acute HIV infection that showed 

improved CNS-related outcomes but no difference between the two regimens at week 

24, suggesting large randomized controlled studies would be necessary to confirm this 

option as a treatment for HAND in the future (Valcour et al. 2015). ACTG A5324 (https://

clinicaltrials.gov/ct2/show/NCT02519777) is an ongoing double-blinded RCT to compare 

maraviroc (MVC) and dolutegravir (DTG) intensification to the standard ART regimens 
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in aviremic participants with neurocognitive impairment. Cenicriviroc, a dual CCR2 and 

CCR5 antagonist, demonstrated potent anti-inflammatory effects by decreasing monocyte 

activity maker (sCD14) (Thompson et al. 2016). A single-arm, open-label clinical trial 

of cenicriviroc for 24 weeks showed a sizable improvement in the neurocognitive test 

(D’Antoni et al. 2018).

In summary, although multiple adjuvant therapies have been developed to target various 

mechanisms of action and studied in small-scale trials, none have shown clear positive 

effects on HAND. Yes, with a better understanding of the pathogenesis and therapeutic 

targets, newer and effective interventions would become available in the near future.

5 Reservoirs Eradication

Although invasion of CNS is an early event that occurs during primary HIV infection 

(Thompson et al. 2011; Valcour et al. 2012), the brain displays chronic neuroinflammation 

and persistent viral RNA and DNA despite of effective ART. The CNS can serve a reservoir 

of ongoing HIV replication (Churchill et al. 2006), which limits the opportunity for HIV 

cure or eradication. While T-cell populations are the main source of CNS HIV in early 

HIV infection, perivascular macrophage and microglia are considered the primary cells 

that harbor HIV replication in chronic phase (Joseph et al. 2015). In addition to brain 

parenchyma, choroid plexus, CSF, and meninges are considered distinct reservoir sites in 

brain (Petito et al. 1999). Clearance of both latent and productive HIV from the brain would 

determine successful viral eradication. Numerous approaches have been developed to reduce 

these HIV reservoirs (e.g., early initiation of ART during acute infection (NCT00796146), 

gene and cell base therapy for HIV cure (Wang and Cannon 2016), nanotechnology (Cao 

and Woodrow 2019), and broadly neutralizing HIV antibody (bNAb)) (Lu et al. 2016). Most 

of these approaches remain experimental, and their effects on the HIV reservoirs in the CNS 

remain largely unknown. For instance, although the newly developed bNAbs represent a 

promising treatment entity for viral eradication, due to the large molecular weights, their 

CSF concentrations are 100-fold to 1000-fold lower than those in the plasma (Prabhakaran 

et al. 2020). Thus, additional studies are warranted to evaluate the effects of bNAbs on viral 

eradication in the CNS and their implications in HAND management.

6 Conclusion

HAND remains one of the ongoing challenges for the care of PLWH in the modern ART era, 

in addition to aging, multimorbidity, polypharmacy, and drug–drug interactions. This review 

tends to provide an overview of completed studies, understanding of the association between 

CPE, HIV viral suppression in the CNS, and neurocognitive performance, and status of 

adjuvant therapy for HAND management.

While the majority of the studies demonstrated that higher CPE was associated with better 

HIV control in the CSF, the relationship between CPE and neurocognitive performance 

is largely unclear. The possible reasons for this lack of clarity include neurotoxicity from 

ART and polypharmacy, lack of standard neurocognitive assessment, variations in study 

populations, and lack of newer ART regimens. Unfortunately, most of the tested adjuvant 
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therapies showed no significant benefit for HAND, suggesting a better understanding of 

pathogenesis and therapeutic targets remains warranted.

6.1 Clinical Implications

Since lower nadir CD4+ T-cell count and late presentation are strong predictors for 

HAND, early ART initiation should be recommended with a NeuroHIV-targeted regimen 

to reduce CNS reservoir and prevent HIV-associated neurocognitive impairment. In addition, 

psychosocial interventions may be beneficial because illicit drug use and psychiatric illness 

are significant risk factors. More evidence has suggested a critical role of age and CVD in 

the pathogenesis of HAND; thus, conventional approaches such as blood pressure control 

and statin use should be considered especially for those with a high risk, although the benefit 

for neurocognitive improvement remains to be determined. Since no specific biomarkers for 

HAND diagnosis currently are available, nor standard neurocognitive tests for follow-up, 

practicing physicians particularly HIV specialists should be aware of the high prevalence of 

HAND and the mild asymptomatic subtypes, and routine neurocognitive and mental health 

screenings should be recommended. From a practical perspective, in patients presenting 

with significant neurological symptoms of HAND, ART regimens with high CPE should be 

recommended to better control the HIV in the CNS.

6.2 Further Perspectives

In the combination ART era, the neurocognitive performance evaluation has been challenged 

to identify subtle deficits. Therefore, development of biomarkers in combination with 

neuroimaging and neurocognitive testing should be developed. PLWH are living longer 

under stable viral suppression, and they are more likely experiencing multimorbidity and 

polypharmacy. In the context of HAND, this means that a comprehensive management 

plan for multimorbidity especially CVD, diabetes, and metabolic syndrome should also 

be recommended. Although largely unknown, polypharmacy, typically resulting from 

multimorbidity, may likely contribute to the pathogenesis of HAND, in particular, for 

the medications with high neurotoxicity. The interactions between aging, polypharmacy, 

neurotoxicity, and HAND are currently under evaluation. Finally, a growing number of 

bNAbs are now in development. The CSF penetration profiles of these bNAbs and their 

effects on viral reservoirs, especially in the CNS, remain largely unknown and warrant 

further evaluation. The eradication of CNS reservoirs not only is a challenge but also might 

be the key to the future free of HAND.

Acknowledgments

Drs. Scott Letendre and Qing Ma are currently supported in part by NIH grant R01AG063659.

References

Anderson AM, Munoz-Moreno JA, McClernon DR et al. (2017) Prevalence and correlates of persistent 
HIV-1 RNA in cerebrospinal fluid during antiretroviral therapy. J Infect Dis 215:105–113 [PubMed: 
27789723] 

Antinori A, Giancola ML, Grisetti S et al. (2002) Factors influencing virological response to 
antiretroviral drugs in cerebrospinal fluid of advanced HIV-1-infected patients. AIDS 16:1867–1876 
[PubMed: 12351946] 

Lin et al. Page 9

Curr Top Behav Neurosci. Author manuscript; available in PMC 2022 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Baker LD, Barsness SM, Borson S et al. (2012) Effects of growth hormone-releasing hormone on 
cognitive function in adults with mild cognitive impairment and healthy older adults: results of a 
controlled trial. Arch Neurol 69:1420–1429 [PubMed: 22869065] 

Baker LM, Paul RH, Heaps-Woodruff JM et al. (2015) The effect of central nervous system 
penetration effectiveness of highly active antiretroviral therapy on neuropsychological performance 
and neuroimaging in HIV infected individuals. J Neuroimmune Pharmacol 10:487–492 [PubMed: 
25900078] 

Blanchard HC, Taha AY, Rapoport SI, Yuan ZX (2015) Low-dose aspirin (acetylsalicylate) prevents 
increases in brain PGE2, 15-epi-lipoxin A4 and 8-isoprostane concentrations in 9 monthold HIV-1 
transgenic rats, a model for HIV-1 associated neurocognitive disorders. Prostaglandins Leukot 
Essent Fatty Acids 96:25–30 [PubMed: 25638779] 

Bougea A, Spantideas N, Galanis P, Gkekas G, Thomaides T (2019) Optimal treatment of HIV-
associated neurocognitive disorders: myths and reality. A critical review. Ther Adv Infect Dis 
6:2049936119838228

Brouillette MJ, Mayo N, Fellows LK et al. (2015) A better screening tool for HIV-associated 
neurocognitive disorders: is it what clinicians need? AIDS 29:895–902 [PubMed: 25291105] 

Calcagno A, Barco A, Trunfio M, Bonora S (2018) CNS-targeted antiretroviral strategies: when are 
they needed and what to choose. Curr HIV/AIDS Rep 15:84–91 [PubMed: 29363025] 

Caniglia EC, Cain LE, Justice A et al. (2014) Antiretroviral penetration into the CNS and incidence of 
AIDS-defining neurologic conditions. Neurology 83:134–141 [PubMed: 24907236] 

Cao S, Woodrow KA (2019) Nanotechnology approaches to eradicating HIV reservoirs. Eur J Pharm 
Biopharm 138:48–63 [PubMed: 29879528] 

Carroll A, Brew B (2017) HIV-associated neurocognitive disorders: recent advances in pathogenesis, 
biomarkers, and treatment. F1000Res 6:312 [PubMed: 28413625] 

Carvalhal A, Gill MJ, Letendre SL et al. (2016) Central nervous system penetration effectiveness of 
antiretroviral drugs and neuropsychological impairment in the Ontario HIV Treatment Network 
cohort study. J Neurovirol 22:349–357 [PubMed: 26572786] 

Casado JL, Marin A, Moreno A et al. (2014) Central nervous system antiretroviral penetration and 
cognitive functioning in largely pretreated HIV-infected patients. J Neurovirol 20:54–61 [PubMed: 
24420449] 

Churchill MJ, Gorry PR, Cowley D et al. (2006) Use of laser capture microdissection to detect 
integrated HIV-1 DNA in macrophages and astrocytes from autopsy brain tissues. J Neurovirol 
12:146–152 [PubMed: 16798676] 

Ciccarelli N, Fabbiani M, Colafigli M et al. (2013) Revised central nervous system neuropenetration-
effectiveness score is associated with cognitive disorders in HIV-infected patients with controlled 
plasma viraemia. Antivir Ther 18:153–160 [PubMed: 23486721] 

Clifford DB, McArthur JC, Schifitto G et al. (2002) A randomized clinical trial of CPI-1189 for 
HIV-associated cognitive-motor impairment. Neurology 59:1568–1573 [PubMed: 12451199] 

Cross HM, Combrinck MI, Joska JA (2013) HIV-associated neurocognitive disorders: antiretroviral 
regimen, central nervous system penetration effectiveness, and cognitive outcomes. S Afr Med J 
103:758–762 [PubMed: 24079630] 

Cusini A, Vernazza PL, Yerly S et al. (2013) Higher CNS penetration-effectiveness of long-
term combination antiretroviral therapy is associated with better HIV-1 viral suppression in 
cerebrospinal fluid. J Acquir Immune Defic Syndr 62:28–35 [PubMed: 23018371] 

Cysique LA, Maruff P, Brew BJ (2004) Prevalence and pattern of neuropsychological impairment 
in human immunodeficiency virus-infected/acquired immunodeficiency syndrome (HIV/AIDS) 
patients across pre- and post-highly active antiretroviral therapy eras: a combined study of two 
cohorts. J Neurovirol 10:350–357 [PubMed: 15765806] 

Cysique LA, Vaida F, Letendre S et al. (2009) Dynamics of cognitive change in impaired HIV-positive 
patients initiating antiretroviral therapy. Neurology 73:342–348 [PubMed: 19474412] 

Cysique LA, Moffat K, Moore DM et al. (2013) HIV, vascular and aging injuries in the brain of 
clinically stable HIV-infected adults: a (1)H MRS study. PLoS One 8:e61738

Lin et al. Page 10

Curr Top Behav Neurosci. Author manuscript; available in PMC 2022 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



D’Antoni ML, Paul RH, Mitchell BI et al. (2018) Improved cognitive performance and reduced 
monocyte activation in virally suppressed chronic HIV after dual CCR2 and CCR5 antagonism. J 
Acquir Immune Defic Syndr 79:108–116 [PubMed: 29781885] 

Dana Consortium on the Therapy of HIV Dementia and Related Cognitive Disorders (1998) 
A randomized, double-blind, placebo-controlled trial of deprenyl and thioctic acid in human 
immunodeficiency virus-associated cognitive impairment. Neurology 50:645–651 [PubMed: 
9521250] 

De Luca A, Ciancio BC, Larussa D et al. (2002) Correlates of independent HIV-1 replication in the 
CNS and of its control by antiretrovirals. Neurology 59:342–347 [PubMed: 12177366] 

Decloedt EH, Rosenkranz B, Maartens G, Joska J (2015) Central nervous system penetration of 
antiretroviral drugs: pharmacokinetic, pharmacodynamic and pharmacogenomic considerations. 
Clin Pharmacokinet 54:581–598 [PubMed: 25777740] 

Deutsch R, Ellis RJ, McCutchan JA et al. (2001) AIDS-associated mild neurocognitive impairment 
is delayed in the era of highly active antiretroviral therapy. AIDS 15:1898–1899 [PubMed: 
11579260] 

Donath M, Wolf T, Sturmer M et al. (2016) HIV-1 replication in central nervous system increases 
over time on only protease inhibitor therapy. Med Microbiol Immunol 205:575–583 [PubMed: 
27469377] 

Dravid AN, Natrajan K, Kulkarni MM et al. (2018) Discordant CSF/plasma HIV-1 RNA in individuals 
on virologically suppressive antiretroviral therapy in Western India. Medicine (Baltimore) 
97:e9969 [PubMed: 29465595] 

Eden A, Fuchs D, Hagberg L et al. (2010) HIV-1 viral escape in cerebrospinal fluid of subjects on 
suppressive antiretroviral treatment. J Infect Dis 202:1819–1825 [PubMed: 21050119] 

Ellis R, Letendre SL (2016) Update and new directions in therapeutics for neurological complications 
of HIV infections. Neurotherapeutics 13:471–476 [PubMed: 27383150] 

Ellis RJ, Hsia K, Spector SA et al. (1997) Cerebrospinal fluid human immunodeficiency virus type 1 
RNA levels are elevated in neurocognitively impaired individuals with acquired immunodeficiency 
syndrome. HIV Neurobehavioral Research Center Group. Ann Neurol 42:679–688 [PubMed: 
9392566] 

Ellis RJ, Moore DJ, Childers ME et al. (2002) Progression to neuropsychological impairment in 
human immunodeficiency virus infection predicted by elevated cerebrospinal fluid levels of human 
immunodeficiency virus RNA. Arch Neurol 59:923–928 [PubMed: 12056927] 

Ellis RJ, Letendre S, Vaida F et al. (2014) Randomized trial of central nervous system-targeted 
antiretrovirals for HIV-associated neurocognitive disorder. Clin Infect Dis 58:1015–1022 
[PubMed: 24352352] 

Erlandson KM, Kitch D, Wester CW et al. (2017) The impact of statin and angiotensin-converting 
enzyme inhibitor/angiotensin receptor blocker therapy on cognitive function in adults with human 
immunodeficiency virus infection. Clin Infect Dis 65:2042–2049 [PubMed: 29020174] 

Evans SR, Yeh TM, Sacktor N et al. (2007) Selegiline transdermal system (STS) for HIV-associated 
cognitive impairment: open-label report of ACTG 5090. HIV Clin Trials 8:437–446 [PubMed: 
18042509] 

Foley J, Ettenhofer M, Wright MJ et al. (2010) Neurocognitive functioning in HIV-1 infection: effects 
of cerebrovascular risk factors and age. Clin Neuropsychol 24:265–285 [PubMed: 20162495] 

Garvey L, Surendrakumar V, Winston A (2011) Low rates of neurocognitive impairment are observed 
in neuro-asymptomatic HIV-infected subjects on effective antiretroviral therapy. HIV Clin Trials 
12:333–338 [PubMed: 22189152] 

Gates TM, Cysique LA, Siefried KJ, Chaganti J, Moffat KJ, Brew BJ (2016) Maraviroc-intensified 
combined antiretroviral therapy improves cognition in virally suppressed HIV-associated 
neurocognitive disorder. AIDS 30:591–600 [PubMed: 26825032] 

Heseltine PN, Goodkin K, Atkinson JH et al. (1998) Randomized double-blind placebo-controlled trial 
of peptide T for HIV-associated cognitive impairment. Arch Neurol 55:41–51 [PubMed: 9443710] 

Hong S, Banks WA (2015) Role of the immune system in HIV-associated neuroinflammation and 
neurocognitive implications. Brain Behav Immun 45:1–12 [PubMed: 25449672] 

Lin et al. Page 11

Curr Top Behav Neurosci. Author manuscript; available in PMC 2022 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Joseph SB, Arrildt KT, Sturdevant CB, Swanstrom R (2015) HIV-1 target cells in the CNS. J 
Neurovirol 21:276–289 [PubMed: 25236812] 

Kahouadji Y, Dumurgier J, Sellier P et al. (2013) Cognitive function after several years of antiretroviral 
therapy with stable central nervous system penetration score. HIV Med 14:311–315 [PubMed: 
23035982] 

Kelly KM, Beck SE, Metcalf Pate KA et al. (2013) Neuroprotective maraviroc monotherapy in simian 
immunodeficiency virus-infected macaques: reduced replicating and latent SIV in the brain. AIDS 
27:F21–F28 [PubMed: 24051706] 

Kim BH, Kelschenbach J, Borjabad A et al. (2019) Intranasal insulin therapy reverses hippocampal 
dendritic injury and cognitive impairment in a model of HIV-associated neurocognitive disorders 
in EcoHIV-infected mice. AIDS 33:973–984 [PubMed: 30946151] 

Lanman T, Letendre S, Ma Q, Bang A, Ellis R (2019) CNS neurotoxicity of antiretrovirals. J 
Neuroimmune Pharmacol

Letendre S (2011) Central nervous system complications in HIV disease: HIV-associated 
neurocognitive disorder. Top Antivir Med 19:137–142 [PubMed: 22156215] 

Letendre SL, Woods SP, Ellis RJ et al. (2006) Lithium improves HIV-associated neurocognitive 
impairment. AIDS 20:1885–1888 [PubMed: 16954730] 

Letendre SL, Marquie-Beck J, Ellis RJ et al. (2007) The role of cohort studies in drug development: 
clinical evidence of antiviral activity of serotonin reuptake inhibitors and HMG-CoA reductase 
inhibitors in the central nervous system. J Neuroimmune Pharmacol 2:120–127 [PubMed: 
18040835] 

Letendre S, Marquie-Beck J, Capparelli E et al. (2008) Validation of the CNS penetration-effectiveness 
rank for quantifying antiretroviral penetration into the central nervous system. Arch Neurol 65:65–
70 [PubMed: 18195140] 

Letendre SL, Ellis RJ, Ances BM, McCutchan JA (2010) Neurologic complications of HIV disease 
and their treatment. Top HIV Med 18:45–55 [PubMed: 20516524] 

Libertone R, Lorenzini P, Balestra P et al. (2014) Central nervous system penetration-effectiveness 
rank does not reliably predict neurocognitive impairment in HIV-infected individuals. J Int AIDS 
Soc 17:19655 [PubMed: 25394159] 

Livelli A, Vaida F, Ellis RJ et al. (2019) Correlates of HIV RNA concentrations in cerebrospinal 
fluid during antiretroviral therapy: a longitudinal cohort study. Lancet HIV 6:e456–ee62 [PubMed: 
31208949] 

Lu CL, Murakowski DK, Bournazos S et al. (2016) Enhanced clearance of HIV-1-infected cells 
by broadly neutralizing antibodies against HIV-1 in vivo. Science 352:1001–1004 [PubMed: 
27199430] 

Marban C, Forouzanfar F, Ait-Ammar A et al. (2016) Targeting the brain reservoirs: toward an HIV 
cure. Front Immunol 7:397 [PubMed: 27746784] 

Marra CM, Zhao Y, Clifford DB et al. (2009) Impact of combination antiretroviral therapy on 
cerebrospinal fluid HIV RNA and neurocognitive performance. AIDS 23:1359–1366 [PubMed: 
19424052] 

Morrison SA, Fazeli PL, Gower B et al. (2019) Cognitive effects of a Ketogenic diet on neurocognitive 
impairment in adults aging with HIV: a pilot study. J Assoc Nurses AIDS Care

Morrison SA, Fazeli PL, Gower B et al. (2020) Cognitive effects of a Ketogenic diet on neurocognitive 
impairment in adults aging with HIV: a pilot study. J Assoc Nurses AIDS Care 31:312–324 
[PubMed: 31725105] 

Mukerji SS, Locascio JJ, Misra V et al. (2016) Lipid profiles and APOE4 allele impact midlife 
cognitive decline in HIV-infected men on antiretroviral therapy. Clin Infect Dis 63:1130–1139 
[PubMed: 27448678] 

Munoz-Moreno JA, Prats A, Molto J et al. (2017) Transdermal rivastigmine for HIV-associated 
cognitive impairment: a randomized pilot study. PLoS One 12:e0182547

Nakasujja N, Miyahara S, Evans S et al. (2013) Randomized trial of minocycline in the treatment of 
HIV-associated cognitive impairment. Neurology 80:196–202 [PubMed: 23269596] 

Lin et al. Page 12

Curr Top Behav Neurosci. Author manuscript; available in PMC 2022 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Perez Valero I, Gonzalez-Baeza A, Montes Ramirez ML (2014) Central nervous system penetration 
and effectiveness of darunavir/ritonavir monotherapy. AIDS Rev 16:101–108 [PubMed: 
24937204] 

Petito CK, Chen H, Mastri AR, Torres-Munoz J, Roberts B, Wood C (1999) HIV infection of choroid 
plexus in AIDS and asymptomatic HIV-infected patients suggests that the choroid plexus may be a 
reservoir of productive infection. J Neurovirol 5:670–677 [PubMed: 10602407] 

Prabhakaran M. Narpala S, Gama L, et al. (2020) Infiltration of bNAb VRC01 into the cerebrospinal 
fluid in humans in the RV397 study. CROI 2020, Boston USA. Conference abstract 453

Rawson T, Muir D, Mackie NE, Garvey LJ, Everitt A, Winston A (2012) Factors associated with 
cerebrospinal fluid HIV RNA in HIV infected subjects undergoing lumbar puncture examination 
in a clinical setting. J Infect 65:239–245 [PubMed: 22522289] 

Robertson K, Jiang H, Kumwenda J et al. (2012) Improved neuropsychological and neurological 
functioning across three antiretroviral regimens in diverse resource-limited settings: AIDS Clinical 
Trials Group study a5199, the international neurological study. Clin Infect Dis 55:868–876 
[PubMed: 22661489] 

Robertson KR, Miyahara S, Lee A et al. (2016) Neurocognition with maraviroc compared with 
tenofovir in HIV. AIDS 30:2315–2321 [PubMed: 27333088] 

Sacktor N, Schifitto G, McDermott MP, Marder K, McArthur JC, Kieburtz K (2000) Transdermal 
selegiline in HIV-associated cognitive impairment: pilot, placebo-controlled study. Neurology 
54:233–235 [PubMed: 10636157] 

Sacktor N, Miyahara S, Deng L et al. (2011) Minocycline treatment for HIV-associated cognitive 
impairment: results from a randomized trial. Neurology 77:1135–1142 [PubMed: 21900636] 

Sacktor N, Skolasky RL, Moxley R et al. (2018) Paroxetine and fluconazole therapy for HIV-
associated neurocognitive impairment: results from a double-blind, placebo-controlled trial. J 
Neurovirol 24:16–27 [PubMed: 29063516] 

Santos GMA, Locatelli I, Metral M et al. (2019) Cross-sectional and cumulative longitudinal central 
nervous system penetration effectiveness scores are not associated with neurocognitive impairment 
in a well treated aging human immunodeficiency virus-positive population in Switzerland. Open 
Forum Infect Dis 6:ofz277

Schifitto G, Sacktor N, Marder K et al. (1999) Randomized trial of the platelet-activating factor 
antagonist lexipafant in HIV-associated cognitive impairment. Neurological AIDS Research 
Consortium. Neurology 53:391–396 [PubMed: 10430432] 

Schifitto G, Peterson DR, Zhong J et al. (2006) Valproic acid adjunctive therapy for HIV-associated 
cognitive impairment: a first report. Neurology 66:919–921 [PubMed: 16510768] 

Schifitto G, Zhang J, Evans SR et al. (2007a) A multicenter trial of selegiline transdermal system for 
HIV-associated cognitive impairment. Neurology 69:1314–1321 [PubMed: 17652642] 

Schifitto G, Navia BA, Yiannoutsos CT et al. (2007b) Memantine and HIV-associated cognitive 
impairment: a neuropsychological and proton magnetic resonance spectroscopy study. AIDS 
21:1877–1886 [PubMed: 17721095] 

Schifitto G, Zhong J, Gill D et al. (2009a) Lithium therapy for human immunodeficiency virus type 
1-associated neurocognitive impairment. J Neurovirol 15:176–186 [PubMed: 19306230] 

Schifitto G, Yiannoutsos CT, Ernst T et al. (2009b) Selegiline and oxidative stress in HIV-associated 
cognitive impairment. Neurology 73:1975–1981 [PubMed: 19890073] 

Sevigny JJ, Albert SM, McDermott MP et al. (2007) An evaluation of neurocognitive status and 
markers of immune activation as predictors of time to death in advanced HIV infection. Arch 
Neurol 64:97–102 [PubMed: 17210815] 

Simioni S, Cavassini M, Annoni JM et al. (2013) Rivastigmine for HIV-associated neurocognitive 
disorders: a randomized crossover pilot study. Neurology 80:553–560 [PubMed: 23345635] 

Smurzynski M, Wu K, Letendre S et al. (2011) Effects of central nervous system antiretroviral 
penetration on cognitive functioning in the ALLRT cohort. AIDS 25:357–365 [PubMed: 
21124201] 

The Dana Consortium on the Therapy of HIV Dementia and Related Cognitive Disorders (1997) 
Safety and tolerability of the antioxidant OPC-14117 in HIV-associated cognitive impairment. 
Neurology 49:142–146 [PubMed: 9222182] 

Lin et al. Page 13

Curr Top Behav Neurosci. Author manuscript; available in PMC 2022 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thompson KA, Cherry CL, Bell JE, McLean CA (2011) Brain cell reservoirs of latent virus in 
presymptomatic HIV-infected individuals. Am J Pathol 179:1623–1629 [PubMed: 21871429] 

Thompson M, Saag M, DeJesus E et al. (2016) A 48-week randomized phase 2b study evaluating 
cenicriviroc versus efavirenz in treatment-naive HIV-infected adults with C-C chemokine receptor 
type 5-tropic virus. AIDS 30:869–878 [PubMed: 26636929] 

Tozzi V, Balestra P, Salvatori MF et al. (2009) Changes in cognition during antiretroviral 
therapy: comparison of 2 different ranking systems to measure antiretroviral drug efficacy on 
HIV-associated neurocognitive disorders. J Acquir Immune Defic Syndr 52:56–63 [PubMed: 
19731418] 

Underwood J, Robertson KR, Winston A (2015) Could antiretroviral neurotoxicity play a role in 
the pathogenesis of cognitive impairment in treated HIV disease? AIDS 29:253–261 [PubMed: 
25426811] 

Valcour V, Chalermchai T, Sailasuta N et al. (2012) Central nervous system viral invasion and 
inflammation during acute HIV infection. J Infect Dis 206:275–282 [PubMed: 22551810] 

Valcour VG, Spudich SS, Sailasuta N et al. (2015) Neurological response to cART vs. cART plus 
Integrase inhibitor and CCR5 antagonist initiated during acute HIV. PLoS One 10:e0142600

Vassallo M, Durant J, Biscay V et al. (2014) Can high central nervous system penetrating antiretroviral 
regimens protect against the onset of HIV-associated neurocognitive disorders? AIDS 28:493–501 
[PubMed: 24472743] 

Vassallo M, Fabre R, Durant J et al. (2017) A decreasing CD4/CD8 ratio over time and lower 
CSF-penetrating antiretroviral regimens are associated with a higher risk of neurocognitive 
deterioration, independently of viral replication. J Neurovirol 23:216–225 [PubMed: 27815816] 

Wang CX, Cannon PM (2016) The clinical applications of genome editing in HIV. Blood 127:2546–
2552 [PubMed: 27053530] 

Wright EJ, Grund B, Robertson K et al. (2010) Cardiovascular risk factors associated with 
lower baseline cognitive performance in HIV-positive persons. Neurology 75:864–873 [PubMed: 
20702792] 

Yadav A, Betts MR, Collman RG (2016) Statin modulation of monocyte phenotype and function: 
implications for HIV-1-associated neurocognitive disorders. J Neurovirol 22:584–596 [PubMed: 
27021071] 

Zhao Y, Navia BA, Marra CM et al. (2010) Memantine for AIDS dementia complex: open-label report 
of ACTG 301. HIV Clin Trials 11:59–67 [PubMed: 20400412] 

Lin et al. Page 14

Curr Top Behav Neurosci. Author manuscript; available in PMC 2022 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
The effects of HIV in the central nervous system. HIV entry: HIV enters the CNS 

through the blood–brain barrier (BBB) directly or within infected monocytes. This process 

involves HIV-induced monocyte and endothelial activation, astrocyte dysfunction, and 

structural impairment of the BBB. Viral replication: HIV infects and activates macrophages 

and microglia followed by viral replication. Inflammation: HIV-induced activation of 

microglia, macrophages, and astrocytes leads to the release of proinflammatory cytokines 

and chemokines, which cause further influx of immune cells and mediate neuronal 

injury. Excitotoxicity: HIV induces release of glutamate and other excitatory amino acids 

from neurons and astrocytes, which together with HIV and HIV-induced chemokines, 

overstimulate N-methyl-D-aspartate (NMDA) receptors, leading to excitotoxicity. Neuronal 
injury: Insults from HIV, excitotoxicity, and inflammation lead to axonal injury and neuronal 

apoptosis. HIV also affects neural progenitor cells, impeding repair and growth

Lin et al. Page 15

Curr Top Behav Neurosci. Author manuscript; available in PMC 2022 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lin et al. Page 16

Table 1

Ranking of commonly prescribed antiretroviral drugs as for CNS penetration effectiveness (CPE) scores and 

in vitro neurotoxicity

Abbreviation Approval year CPE In vitro neurotoxicity

NRTI

Zidovudine AZT/ZDV 1987 4 +/−

Didanosine ddI 1991 2 +

Stavudine d4T 1994 2 +/−

Lamivudine 3TC 1995 2 +/−

Abacavir ABC 1998 3 ++

Tenofovir disoproxil fumarate TDF 2001 1 +/−

Emtricitabine FTC 2003 3 +/−

Tenofovir alafenamide fumarate TAF 2015 1

NNRTI

Nevirapine NVP 1996 4 +

Delavirdine DLV 1997 3

Efavirenz EFV 1998 3 ++

Etravirine ETR 2008 2 +

Rilpivirine RPV 2011 - +

Doravirine DOR 2018 -

Protease inhibitors

Saquinavir mesylate SQV 1995 1 +

Indinavir IDV 1996 3 +

Nelfinavir mesylate NFV 1997 1

Lopinavir LPV 2000 3 +

Atazanavir sulfate ATV 2003 2 +

Fosamprenavir calcium FOS 2003 2 +

Tipranavir TPV 2005 1

Darunavir DRV 2006 3 -

Fusion inhibitors

Enfuvirtide T-20 2003 1

CCR5 co-receptor antagonists

Maraviroc MVC 2007 3 -

INSTIs

Raltegravir RAL 2007 3 +/−

Dolutegravir DTG 2013 -

Elvitegravir EVG 2014 - +/−

Bictegravir BIC 2018 -

Post-attachment inhibitors

Ibalizumab IBA 2018 -
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Abbreviation Approval year CPE In vitro neurotoxicity

Pharmacokinetic enhancers

Ritonavir RTV 1996 1 +/−

Cobicistat COBI 2014 -

NRTIs nucleoside reverse transcriptase inhibitors, NNRTIs non-nucleoside reverse transcriptase inhibitors, INSTIs integrase strand transfer 
inhibitors, CPE 2010
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