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“The great tragedy of Science — the slaying of 

a beautiful hypothesis by an ugly fact.”



ART-Mediated

Neuropsychiatric Adverse Events (NP AEs)
What We Know

• Drugs have off-target effects

– ART drugs are no exception

• Multiple factors worsen 

vulnerability of PLWH to NP AEs

– Psychiatric & Medical 
Comorbidities

– Aging & Polypharmacy

– Genetic variation

• Mechanisms include 

mitochondrial, protein 

processing, and amyloid effects

What We Don’t Know

• All the mechanisms by which 

ART drugs affect neurons and glia

– Drug-drug interactions

• Approach to identifying patients at 

risk for developing NP AEs

– Dose-dependence

– Effects of time: Cumulative effects, 
Aging vulnerability

• How to diagnose NP AEs

• How to manage NP AEs

– Dose reduce or switch

– Reversibility



Direct and Indirect Neurotoxicity Can Occur



Greater Efavirenz Exposure 

is Associated with NP AEs

Johnson et al, Br J Clin

Pharmacol 2012, 75: 997–1006

Haas et al, AIDS 2004, 

18:2391–2400

Marzolini et al, AIDS 2001, 15:71-75



Longer Term Efavirenz Use is Associated with Risk of 

NC Impairment & Reducing Dose Improves Symptoms

Gatanaga et al, Clinical Infectious 

Diseases 2007; 45:1230–7

Risk Factor
Odds 

Ratio

P Value

Age (per 10 years) 0.83 0.29

Education (per 1 year) 0.85 0.002

Non-Italian Born 3.5 0.056

Efavirenz use 4.0 0.008

Ciccarelli et al, Neurology 

2011, 76: 1403



Cognitive Decline May Be Linked to 

Higher Drug Concentrations in the CNS

Zhang, et al, CROI 2015, Abstract 56 Ma et al, CROI 2016, Abstract 446

ITT Analysis, N = 233

Ma et al, CROI 2015, Abstract 444 Dalwadi et al, Pharm Reviews 2018



Protease Inhibitors are 

Associated with Vascular Disease

Stein et al, AIDS 2015, 29:1775–1783
LaBounty et al, HIV Medicine (2015)

DOI: 10.1111/hiv.12351

• Carotid artery wall thickness 

measured by 3.0 Tesla MRI

• Longer duration of protease

inhibitor therapy associated

with thicker carotid wall

• Carotid intima media thickness

measured by ultrasound

• DRV/r was associated with 

faster progression than ATV/r

Soontornniyomkij et al, AIDS 

2014, 28:1297–1306 

• Protease inhibitor use associated 

with cerebral small vessel disease

(OR 2.8)

• Mild cerebral small vessel 

disease associated with HAND 

(OR 4.8)



Sakoda et al, CROI 2015, Abstract 484
Ma et al, CROI 2015, Abstract 444

Brouillette et al, CROI 2015, Abstract 469

N(t)RTI Toxicity

May Also Influence Neurocognition

Cruciani et al, AIDS 2011, 25:1993–2004



Dolutegravir, NP AEs, & Discontinuation

de Boer et al, AIDS 

2016, 30:2831–2834
Hoffmann et al, HIV Medicine 

2017, 18, 56--63
Fettiplace et al, J AIDS

2017;74:423–431

Psychiatric event

Depression

N=565

DTG Only

N=1,950

InSTIs Only
N=6,347
DTG or 

3 Others

N=4,041

DTG vs. RAL

Elzi et al, AIDS 2017, 

31:1853–1858

Toxicity:

RAL 4.3%

DTG 3.6%



Animal Models Support That ART Concentra-

tions in Brain Are Much Higher Than in CSF

Curley et al, AAC 

2017, 61(1): e01841-16

Srinivas et al, IAS 2017, 

Abstract WEAB0105



Srinivas et al, IAS 2017, Abstract WEAB0105

Srinivas et al, Xenobiotica 2018, DOI: 10.1080/00498254.2018.1539278

ART Concentrations in Brain Do Not Clearly 

Vary by Region & Correlate with CSF

97% Protein Binding 

in Brain Tissue



In Vivo Measurement of 

Fluorinated Drugs with 19F-MRSI
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Bolo et al, Neuropsychopharmacology 

23:428–438, 2000



In Vitro Analyses of ART Toxicity

in Fetal Rat Cortical Neurons

Robertson et al, J Neurovirol 2012, 18: 388-299

Control

Neuronal 

Injury



Efavirenz, Neurotoxic Metabolites, and 

Mitochondrial Respiration

Tovar-y-Romo et al, 

JPET 2012, 343(2): 696-703
Funes et al, JAC 2015; 70: 2249–2254



ART Drugs Can Increase Amyloid-β 

& Reduce Microglial Phagocytosis

Giunta et al, Molecular Brain 2011, 4:23 Brown et al, PLoS ONE 2014, 9(4): e95500
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Amyloid and Phospho-Tau Neuropathology 

May be Influenced by Antiretrovirals

Soontornniyomkij et al, AIDS 2018, 32: 2005–2015

Tenofovir use prior to death 

associated with lower odds of 

amyloid β plaque deposition

(OR 0.13, p=0.012)

Darunavir use prior to death 

associated with higher odds of 

phopho-tau deposition in neurons

(OR 15.3, p=0.0005)

Ritonavir use prior to death 

associated with higher odds of 

microgliosis

(OR 4.96, p=0.023)





ART Toxicity in Other Glial Cells

Jensen et al, J Neuropathol Exp Neurol 2015, 74(11): 1093-1118Latronico et al, J Neurochem 2018, 144: 271-84

Astrocytes Oligodendrocytes



Summary of in vitro Evidence of

Mechanisms of Neurotoxicity
Drug Effect

Maraviroc ↑ Microglial activation

Raltegravir ↑ IL-8 in brain macrophages

Efavirenz ↑ TNF-α and IL-1β

Dendritic spine injury

Mitochondrial alterations

↑ Autophagy

↑ β-Secretase expression, ↑ amyloid beta, 

↑ ROS

↑ Endoplasmic reticulum stress

↓ ATP stores; ↓ neural stem cell proliferation

Etravirine ↓ MAP-2 density in rat neurons

Drug Effect

Zidovudine ↓ Mitochondrial DNA in cortical neurons

↑ Amyloid-β production

Lamivudine ↓ Mitochondrial DNA in cortical neurons

↑ Amyloid-β production

Abacavir ↑ Amyloid-β production

Indinavir ↑ Amyloid-β production

Lopinavir
↓ Myelin basic protein, ↓ galactocerebroside in 

oligodendrocytes

↑ Oxidative stress, ↑ ER stress, ↑ IL-6 and 

TNF-α in macrophages

↓ Tight junction proteins, ↓ synaptic proteins, ↑ 

TNF-α, IL-6 and IL-1β

Atazanavir ↑ Oxidative stress, ↓ MAP-2, ↓ synaptophysin

Shah et al, Neurotox Res (2016) 30:677–697 691



Increasing Polypharmacy in Aging HIV+ Adults

Smit, Lancet Inf Dis 2015, 15(7):810-8



Women with HIV are More Likely to Use 

Other Medications Associated with NP-AEs

Radtke, et al. CROI 2018, Abstract 401

NP-AE Drug Use and ART



Polypharmacy Is Associated with Worse 

Neurocognitive Performance

Ma et al, CROI 2019, Accepted

***p<0.01, **p<0.05, *p<0.10, - p > 0.10
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ART Concentrations in the CNS

Clinical Cognitive 

Threshold

Neurotoxicity

Threshold

Therapeutic 

Threshold

Older Age, Polypharmacy, Women,

Earlier ART Initiation, Higher CD4+ T-Cell Count

More Potent ART, Fewer Drug Resistance Mutations

Drug-Drug Interactions

Reduce the Risk of

Virologic Failure

Increase the Risk of

Neurotoxicity



Neurotoxicity Intervention

Calcagno et al, Current HIV/AIDS Reports (2018) 15:84–91



• Igor Grant

• Ronald J. Ellis

• Robert Heaton

• J. Allen McCutchan

• Brookie Best

• Edmund Capparelli

• Cris Achim

• David Moore

• Todd Hulgan

• Asha Kallianpur

• David Clifford

• Justin McArthur

• Ned Sacktor

• Ann Collier

Acknowledgements

▪ …Mental Health

▪ …Drug Abuse

▪ …Allergy and 

Infectious Diseases

▪ Qing Ma (Buffalo)

▪ Bert Anderson (Emory)

▪ Jenny Iudicello

▪ Micol Ferrara

▪ Kemi Okwuegbuna

▪ Raeanne Moore

▪ Josue Perez Santiago

▪ Davey Smith

▪ Sara Gianella

▪ Sanjay Mehta

▪ Greg Brown

▪ Bob Bussell

▪ Connie Benson

▪ Chip Schooley

▪ Doug Richman

▪ Ann Collier

▪ Christina Marra

▪ Susan Morgello

▪ David Simpson

▪ Ben Gelman

▪ Howard Fox

Study Volunteers
UC San Diego

CHARTER/NNTC

NIH

Trainees




