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Abstract

OBJECTIVE: To measure the protein concentration and biological activity of HIV-1 Tat in 

cerebrospinal fluid (CSF) of individuals on suppressive antiretroviral therapy (ART).

DESIGN: CSF was collected from 68 HIV-positive individuals on ART with plasma viral load 

(VL) <40 copies/mL, and from 25 HIV-negative healthy controls. Duration of HIV infection 

ranged from 4 years to >30 years.

METHODS: Tat levels in CSF were evaluated by an enzyme-linked immunosorbent assay 

(ELISA). Tat protein and viral RNA were quantified from exosomes isolated from CSF, followed 

by western blot or quantitative reverse transcription PCR, respectively. Functional activity of Tat 

was assessed using an LTR transactivation assay.

RESULTS: Tat protein was detected in 36.8% of CSF samples from HIV-positive patients. CSF 

Tat concentration increased in 4 out of 5 individuals after initiation of therapy, indicating that 

Tat was not inhibited by ART. Similarly, exosomes from 34.4% of CSF samples were strongly 

positive for Tat protein and/or TAR RNA. Exosomal Tat retained transactivation activity in a 

CEM-LTR reporter assay in 66.7% of samples assayed, which indicates that over half of the Tat 
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present in CSF is functional. Presence of Tat in CSF was highly associated with previous abuse of 

psychostimulants (cocaine or amphetamines; p=0.01) and worse performance in the psychomotor 

speed (p=0.04) and information processing (p=0.02) cognitive domains.

CONCLUSIONS: Tat and TAR are produced in the CNS despite adequate ART and are packaged 

into CSF exosomes. Tat remains biologically active within this compartment. These studies 

suggest that Tat may be a quantifiable marker of the viral reservoir and highlight a need for 

new therapies that directly inhibit Tat.

Keywords

HIV-1 reservoir; HIV-1 associated neurocognitive disorder; drug abuse; comorbidity

INTRODUCTION:

Advances in HIV research have vastly extended life expectancy and reduced HIV 

transmission rates within the HIV infected community. Nonetheless, HIV remains a chronic 

infection with long-term health care concerns including immunological senescence and 

dysfunction and HIV-associated neurocognitive disorders (HAND) [1]. The incidence of 

severe impairment such as HIV-associated dementia has decreased since the introduction of 

antiretroviral therapy (ART), but milder forms of HAND still affect 30–50% of the those 

living with HIV [2, 3].

The HIV Trans-Activator of Transcription (Tat) is a key regulatory protein that impacts 

several aspects of viral replication and HIV disease progression. Tat is one of the first viral 

proteins to be translated after integration and greatly enhances transcriptional activity of 

the HIV promoter [4–6]. Tat functions as a “molecular switch” that regulates the cycle of 

active transcription versus latency [7]. Furthermore, Tat can be released from HIV-infected 

cells [8] and can modulate cell function in an autocrine, paracrine, or endocrine manner. 

Tat induces the production of reactive oxygen species (ROS) [9], cytokines, and chemokines 

(CCL2, TNFα, IL-1β, IL-6, IL-17) [10–15] that contribute to chronic inflammation. Tat also 

directly contributes to neuronal injury via interaction with the NMDA receptor [16–18] and 

dysregulation of astrocytic glutamate uptake and release [17, 19]. Thus, the detection of Tat in 

the CNS may be indicative of ongoing neuro-glial dysfunction.

Exosomes are extracellular vesicles 30–150 nm in diameter which are characterized by the 

presence of several proteins on their surface membrane, including the tetraspanins CD63, 

CD9, and CD81 [20–22]. Once thought to carry cellular waste out of cells, it is now known 

that exosomes shuttle cargo (including proteins and RNA) between cells [20, 22]. However, 

this cell-to-cell communication pathway can be hijacked by viruses, including HIV [23–25]. 

HIV-infected cells can release exosomes containing HIV RNA, specifically trans-activation 

response element (TAR), activate the NF-κB pathway through TLR3 activation and increase 

susceptibility of recipient cells to infection [24, 25]. Furthermore, exosomes from HIV-

infected cells have been shown to contain HIV proteins, including Nef and Tat [26, 27].

Several classes of anti-HIV drugs are available that act at various stages of the HIV 

life cycle. These include HIV entry inhibitors, reverse transcriptase inhibitors, protease 
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inhibitors, and integrase inhibitors which may impact the formation of the viral reservoir. 

However, recent studies show that HIV enters the CNS early in infection [28–30]; thus, the 

viral reservoir gets established before antiretroviral therapy is initiated. Once the virus is 

integrated, HIV protease inhibitors are the only class of drugs that prevent the formation of 

replicating viral particles. Furthermore, while protease inhibitors prevent the cleavage of the 

gag-pol polyprotein, they have no effect on the production of early viral proteins such as 

Tat [15]. Thus, Tat protein levels may indicate the presence and potentially the size of the 

viral reservoir. This is of particular importance, as there are currently no reliable methods for 

measuring the viral reservoir in the brain. It is also unknown if prolonged ART can alter the 

size of the viral reservoir and if it can completely control viral replication and production of 

viral products in the brain.

METHODS:

Cells and infection studies:

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donors at the NIH 

Blood Bank (Bethesda, MD). Monocytes were isolated by adherence and differentiated 

into macrophages (MDM) by culture in RPMI 1640 (Thermo Fisher; Waltham, MA) 

supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) antibiotic-antimycotic for 

≥ 7 days. MDM were infected with HIVSF162 (>1 ng p24 per million cells) using polybrene 

(5 μg/ mL) (Sigma-Aldrich; St. Louis, MO) for four hours, then cells were washed with 

PBS and medium was replaced with complete RPMI containing dimethyl sulfoxide (DMSO) 

or darunavir (1 μM in DMSO). Darunavir was obtained through the NIH AIDS Reagent 

Program (cat #11447), Division of AIDS, NIAID, NIH from Tibotec, Inc. Supernatants and 

cells were collected after seven days for product enhanced reverse transcriptase (PERT) 

assay [31] or Tat ELISA, respectively.

Transfection:

HIVSF162 virus stock was generated by transfection of HEK293T/17 (ATCC; Manassas, VA) 

with pSF162 plasmid using Lipofectamine 3000 (Thermo Fisher). pSF162 was obtained 

through the NIH AIDS Reagent Program (cat # 2569; discontinued, now available as cat # 

2751), Division of AIDS, NIAID, NIH, from Dr. Jay Levy. Virus-containing supernatants 

were collected after 48 hours and filtered using a 0.4 μM membrane.

Patient samples:

CSF was collected from 68 HIV-infected individuals on ART (<40 copies/ mL in plasma) 

and 25 HIV-negative controls at the National Institutes of Health (NIH) Clinical Center in 

Bethesda, MD (NIH cohort; Protocol 13-N-0149). All participants in the NIH cohort were 

seen for research only and there were no clinical indications for CSF collection. CSF was 

also collected once from five HIV-positive individuals prior to ART initiation and once 

at a follow-up appointment after 2–5 months of continuous ART (UCSD cohort). Patient 

demographics for the NIH cohort are included in Fig. 4. The protocol was reviewed and 

approved by the Institutional Review Board (IRB) at both institutions. Informed consent was 

obtained from all individuals. All samples were centrifuged (3000 rpm, 10 minutes) and 

cell-free CSF was aliquoted in single-use vials and stored at −80°C.
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ELISA:

Tat ELISA was performed as previously described, with minor modifications [32]. Mouse 

anti-Tat antibody (Biolegend; San Diego, CA; Cat. # 919001) was used as capture antibody; 

the detection antibody was biotinylated rabbit anti-Tat (Abcam; Cambridge, MA, Cat. # 

ab43015). Recombinant clade B Tat protein (rTat; from Dr. Joseph Steiner) was used to 

generate a standard curve for quantitation of Tat levels in CSF. The limit of detection for 

this assay is 200 pg/ mL as determined by the mean O.D. obtained from HIV-negative 

CSF samples for each plate run + 2 standard deviations. Limit of detection was determined 

for each plate run and was consistent across plates. 2–5 CSF samples from HIV-negative 

controls were included in each run and all CSF was stored as single-use, never-thawed 

aliquots to ensure equal protein quality. Intra- and inter-plate coefficients of variation (%CV) 

were 5.75% and 8.45%, respectively, as indicated in supplementary Figure 1a-b. To confirm 

that the signals obtained from CSF samples increase or decrease uniformly with the dilution 

factor of the sample, 2-fold serial dilutions were performed on a known Tat-positive sample; 

as expected, calculated values for Tat protein decreased in a linear fashion with increasing 

dilution of the CSF (r2=0.966) (supplementary Figure 1c).

Isolation of exosomes from cerebrospinal fluid:

CSF (400 μL) was mixed 1:1 with PBS and treated with 20 μL of a 30% slurry of Nanotrap® 

(NT) particles (Ceres Nanosciences, Inc.; Manassas, VA) consisting of two NTs, NT82 

particles (#CN2010) and NT80 (#CN1030), which have been previously shown to enrich 

for exosomes [25, 33]. Samples were rotated at 4°C for four days before use in downstream 

assays.

Quantification of HIV TAR RNA:

Exosomes were enriched using NT80/82 as described above. RNA was isolated 

from exosome-bound NT80/82 using Trizol (Thermo Fisher) and converted to 

cDNA using the GoScript kit (Promega; Madison, WI) with a TAR Reverse 

primer (5’-CAACAGACGGGCACACACTAC-3’, Tm=58°C). Reverse transcription-

quantitative polymerase chain reaction (RT-qPCR) was performed using IQ 

Supermix (Bio-Rad; Hercules, CA) with primers TAR-Reverse and TAR-Forward (5’-

GGTCTCTCTGGTTAGACCAGATCTG-3’, Tm=60°C). Serial dilutions of 8E5 cell DNA 

were used to generate a standard curve to quantitate TAR RNA. Real-time PCR reactions 

were carried out using the Bio-Rad CFX96 System. 8E5 cells were obtained through the 

NIH AIDS reagent program (cat. # 95), Division of AIDS, NIAID, NIH from Dr. Thomas 

Folks [34–36].

Western blot analysis of exosome proteins:

Exosomes were enriched as described above using NT80/82. 15 µL of each pellet was 

resuspended in Laemmli buffer and run on a 4–20% Tris/glycine gel (Thermo Fisher), 

then transferred onto Immobilon PVDF membranes (Millipore; Burlington, MA) overnight. 

Membranes were blocked in 5% milk in PBS-T (0.1% Tween-20) for two hours at 4°C, then 

incubated overnight at 4°C in PBS-T with primary antibody: anti-Tat (NIH AIDS reagent 

program; #705, Lot #100167 from Dr. Bryan R. Cullen [37]), anti-IgG (Santa Cruz, Dallas, 
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TX; sc-66931), anti-CD63 (System Biosciences, Palo Alto, CA; EXOAB-CD63A-1), or 

anti-Actin (Abcam; ab49900). Membranes were incubated with HRP-conjugated secondary 

and visualized using Clarity Western ECL Substrate (Bio-Rad) and the ChemiDoc Touch 

system (Bio-Rad).

Tat transactivation assay:

CEM-GFP cells (cat. # 3655) were obtained through the NIH AIDS Reagent Program, 

Division of AIDS, NIAID, NIH from Dr. Jacques Corbeil [38]. Exosomes were enriched 

from 250 µL of CSF from six Tat-positive patients and two HIV-negative controls, as 

described above; 106 CEM-GFP cells were incubated with exosomes for 72 hours, then cells 

were washed in PBS and analyzed using the FACSCalibur (BD Biosciences; San Jose, CA); 

events were gated using CellQuest Pro using width and FL1 parameters (BD Biosciences). 

Untreated CEM-GFP cells and unbound NT80/82 treated CEM-GFP cells were used as 

negative controls and HIV virus (89.6; MOI: 1.0) was a positive control.

Substance Use History and Neurocognitive Function:

All participants in the NIH cohort completed questionnaires that included inventories of 

tobacco, alcohol and illicit drug use. Alcohol and drug abuse were defined as positive 

responses to questions asking about the frequency of substance use in the past and 

whether the substance use affected life or work. Additionally, all participants completed 

a 3–4 hour neuropsychological battery to assess cognitive function. Tests were overseen 

by a neuropsychologist and domain-specific T-scores were obtained by averaging within-

domain demographically (age, sex, race/ethnicity, and education) corrected T-scores per 

administered tests.

Statistical analysis:

Descriptive statistics were performed as appropriate using Prism software (GraphPad; La 

Jolla, CA). Comparisons between the groups with undetectable and detectable Tat levels 

were made with two-way unpaired Student’s t-test for normally distributed continuous 

measurements and with Yates’ continuity corrected chi-square for binary variables.

RESULTS:

ART inhibits HIV replication in macrophages but does not diminish Tat protein expression.

Productive HIV infection in the brain is predominantly macrophage tropic [39]. Hence, we 

initially infected monocyte-derived macrophages (MDM) with HIVSF162 then treated with 

either a protease inhibitor, darunavir, or DMSO. Darunavir significantly reduced viral output 

compared to DMSO as measured by PERT assay (p = 0.0006) (Fig. 1a), but had no effect 

on levels of Tat protein as measured by ELISA (p = 0.758) (Fig. 1b). To determine whether 

ART has any effect on Tat levels in vivo, we collected CSF from five individuals prior to 

ART initiation, then again after two to five months of continuous treatment. Tat protein was 

elevated compared to pre-treatment levels in four patients at the follow-up appointment (Fig. 

1c; UCSD cohort), which strongly suggests ART does not inhibit Tat expression and could 

potentially elicit an increase in Tat production or extend the half-life of Tat.
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Tat is detected in CSF despite long term ART.

Tat protein levels were measured by ELISA from CSF samples collected from 68 HIV 

positive patients virologically controlled with long-term ART. As shown in Fig. 1d, 36.8% 

(25/68) of patients had detectable Tat at levels ranging from 200 pg/ mL to 6.5 ng/ mL. 

Longitudinal CSF samples were available for 15 of the patients shown in fig. 1d, collected 

at 12- to 24-month intervals with at least three time points per patient. Ten of these patients 

(66.7%) had detectable Tat during at least one time point, with two patients (13.3%) positive 

for Tat at two consecutive time points and two patients (13.3%) positive at all three time 

points evaluated. Five patients (33.3%) were persistently Tat-negative at all three follow-up 

visits (Fig. 1e).

Tat levels are independent of CSF viral load.

Tat was measured from the CSF of eight patients who experienced transient CNS escape 

(CSF viral RNA ≥ 40 copies/mL but undetectable viral load in blood) during the course of 

the study. 3/8 (37.5%) patients were Tat-positive at the time of CNS viremia, but there was 

no correlation between CSF viral load and presence of Tat in spinal fluid (r2=0.058; p=0.37) 

(Fig. 1f and supplementary Table 1). Collectively, these results indicate that Tat is detectable 

in at least one-third of patients even in the absence of measurable HIV replication and that 

levels of secreted Tat fluctuate over time in the same individual.

Detection of Tat and TAR in CSF exosomes.

Several viral elements have been reported to be secreted in exosomes released from infected 

cells. These include TAR RNA [24], Nef [40], Gag [41] and Tat [27]. Exosomes containing 

biologically active, neurotoxic Tat were reported in Tat-expressing primary astrocytes and 

glioblastoma cells, and HIV-infected cell lines [27]. However, Tat has not been detected in 

exosomes from HIV-infected primary cells or isolated from bodily fluids [42]. To determine 

whether the Tat present in CSF is contained within exosomes, exosomes were isolated from 

CSF of 32 patients with HIV and two HIV-negative controls using Nanotrap particles, and 

western blot was performed to detect Tat protein. Exosomes from 11/32 patients (34.4%) 

contained significant amounts of Tat protein (Fig. 2a, c). Exosome lysates from an additional 

13 patients (40.6%) were weakly positive for Tat (Fig. 2c, supplementary Fig. 2 and 

supplementary Table 2). Results from exosome capture correlated well with Tat ELISA 

in 20/23 (87%) of matched CSF samples, with an additional 2/23 (8.7%) positive on western 

blot but below the limit of detection by ELISA and only one sample (4.3%) weakly positive 

by ELISA only (supplementary Table 3). Interestingly, RNA extraction of exosomes showed 

that 10/32 (31%) patient-derived exosomes also contained trans-activation response element 

(TAR) RNA (Fig. 2b, c and supplementary Table 2), which indicates that HIV RNA is 

also packaged into CSF-circulating exosomes. The presence of TAR RNA was not closely 

correlated with Tat protein (Fig. 2c), suggesting that these viral elements may be packaged 

separately.

Tat in CSF is functionally active.

Tat is an intrinsically unfolded protein that is prone to aggregation and cleavage, with 

an intracellular half-life of approximately 2.6 hours [43, 44]. Since exosomes protect cargo 
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against extracellular degradation, we evaluated whether exosome-derived Tat maintained 

transactivation activity. CEM-GFP cells, which contain an integrated HIV long-terminal 

repeat (LTR) linked to a GFP reporter, were exposed to CSF-derived exosomes from patients 

with detectable Tat levels or HIV-negative controls for 72 hours and GFP expression was 

evaluated by flow cytometry. As a positive control, CEM-GFP were infected with HIV 

(89.6; MOI:1.0) (Fig. 3). Exosomal Tat from 4/6 (66.7%) patients transactivated the LTR, at 

levels ranging from 28% to 68% compared to the level of induction by HIV infection (Fig. 3 

and supplementary Table 4). Therefore, CSF Tat is functional in at least a subset of patients.

Presence of Tat in CSF correlates with history of drug abuse.

Substance abuse is a significant cofactor in HIV transmission and pathogenesis [45–48]. 

Therefore, we investigated the relationship between Tat levels and drug abuse. In our 

cohort, a history of drug abuse is common, with cocaine being the most commonly 

abused substance; 34.8% (23/66 on whom drug abuse history was available) met criteria 

for a history of cocaine abuse. Tat-positive patients were significantly more likely to have 

reported cocaine or stimulant (cocaine or amphetamine) abuse compared to those with 

undetectable Tat levels (p = 0.03, p = 0.01, respectively) (Fig. 4a, b). Participants who 

had ever used cocaine or stimulants, even without a history of abuse, were similarly 

more likely to have detectable CSF Tat (p = 0.02, p = 0.01, respectively. There were no 

similar associations with marijuana, tobacco or alcohol use or abuse and no associations 

with overall neurocognitive function; however, when measured by individual cognitive 

domain, psychomotor speed and information processing speed performance were lower in 

the group with detectable Tat (p = 0.04, p = 0.02, respectively). There were no differences 

in HIV-specific characteristics including time since diagnosis, time on antiretroviral therapy, 

antiretroviral regimen or time from diagnosis to therapy initiation (Fig. 4b).

DISCUSSION:

Collectively, our findings provide strong evidence that biologically active Tat and TAR RNA 

are present in the CSF of HIV patients on long-term ART. These viral products may provide 

a valuable measure of the CNS HIV reservoir. A proposed mechanism of the continued 

detection of Tat and TAR in the presence of antiretroviral therapy is included in Fig. 5. 

Briefly, in an HIV-infected cell that contains an actively transcribed provirus, protease 

inhibitors prevent cleavage of HIV polyproteins (Gag-Pol) to inhibit formation of new viral 

particles. However Tat, which does not require cleavage by the viral protease, may continue 

to be transcribed, translated and released from the cell as a secreted protein or within an 

exosome. TAR RNA, which is also transcribed under treated conditions, is also packaged 

into exosomes alone or in addition to Tat. Tat- and TAR-containing exosomes can then 

be endocytosed by other uninfected or HIV-infected cells to cause altered signaling. In HIV-

infected cells that contain an inactive (latent) provirus, exogenous Tat may reactivate the 

latent provirus via induction of host signaling pathways such as NF-κB and transactivation 

of the HIV LTR.

Tat was detected in HIV-positive patients on prolonged ART as well as in a macrophage 

cell culture model of infection treated with an HIV protease inhibitor. As expected, we 
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found that while darunavir inhibited HIV release, it had no effect on Tat production. We 

had previously shown that darunavir did not inhibit Tat production from HIV-infected 

lymphocytes in vitro, and that Tat could be detected in infiltrating leukocytes in the brain of 

an HIV patient on ART while immunostaining for p24 antigen was negative [15].

We found that at least 36.8% of patients had detectable Tat in the CSF by ELISA. 

Furthermore, enrichment of CSF exosomes using allowed for more sensitive detection of 

Tat from samples that were below the limit of detection by ELISA; up to 75% of patients 

had detectable Tat protein when samples were enriched for exosomes. Tat was present within 

the CSF despite prolonged viral suppression with ART (2–29 years), which suggests that Tat 

can be detected even in the absence of measurable replication and true latency of HIV is not 

achieved in the brain. CSF Tat levels did not correlate with viral load in patients with CNS 

escape. Additionally, in patients where Tat levels were measured before and after initiation 

of ART, no suppression of Tat was noted in most. It is worth noting that 2/5 ART-naïve 

patients were diagnosed with HAND at their pre-treatment visit (UCSD cohort; data not 

shown), including the single individual whose Tat level declined after treatment. Tat may 

therefore be a useful measure of the CNS HIV reservoir, although additional studies with 

larger sample sizes are needed to confirm these findings.

The fluctuation of Tat levels over time suggests that the CNS viral reservoir may be 

dynamic. Factors that influence viral activity in the CNS should be an area of active 

investigation. If Tat levels in CSF correlate with the active viral reservoir in the CNS, 

the effectiveness of cure strategies may be indirectly measured using Tat as a marker of 

actively transcribing proviruses. Furthermore, some of the Tat found in CSF is functional, as 

evidenced by its ability to transactivate the HIV LTR. This important finding suggests that 

anti-Tat therapeutics are needed to augment viral suppression in patients on ART.

Despite effective ART, many HIV-infected individuals have chronic, low-level inflammation 

and immune activation [49–51] that is strongly associated with increased morbidity and 

mortality [52]. Tat induces expression of pro-inflammatory cytokines and chemokines in 
vitro and in transgenic rodent models [10–14]. Indeed, Dickens and colleagues recently 

showed that “leaky” Tat expression in the tetracycline promoter-driven Tat transgenic (rtTA-

Tat) mice was sufficient to cause neurodegeneration and neuroinflammation [53]. Another 

group showed that expression of Tat within the thymus in transgenic mice caused thymus 

atrophy, resulting in T-cell depletion and increased expression of NFκB-dependent cytokines 

and chemokines [54]. While a large body of experimental literature has revealed detrimental 

effects of Tat on brain and systemic organs, our ability to measure Tat in biological samples 

presents unique opportunities to determine the biological consequences of elevated Tat levels 

in HIV-positive patient populations.

We also determined that HIV TAR RNA could be detected in both Tat-positive and Tat-

negative CSF exosomes. It is well known that the composition of exosome “cargo” is 

dependent on the cell type of origin, as well as other conditions such as cellular stress, 

viral infection and receptor-mediated signaling [55]. Exosomes have an important role 

in cell-to-cell signaling via delivery of transcription factors, mRNA, miRNA and other 

cellular constituents [55]. Exosomes are also important mediators of several viral infections, 
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including HIV [56–62]; these viruses alter exosome contents to facilitate viral replication 

and transmission or promote tumorigenesis and disease pathogenesis. Pre-treatment of target 

cells with TAR-containing exosomes prior to HIV infection increased viral output by 1.5–

4-fold, which strongly suggests that these particles can “prime” naïve cells for productive 

infection [24]. The detection of TAR from exosomes derived from the CNS of patients under 

ART suggests that TAR may also play a role in HIV-associated neuropathogenesis and may 

be a worthwhile target for adjunctive therapies.

Exosomes from some patients contained Tat protein alone, while others contained only 

TAR RNA or both Tat and TAR. Potentially, the Tat in exosomes may be modified (i.e. 

acetylated, methylated, ubiquitinated), which could allow Tat to have a longer half-life [63–

65]. Alternatively, Tat may be found outside exosomes as multimers [66]. TAR-containing 

exosomes may be derived from various infected cell types. Exosomes from HIV-infected 

T-cells and myeloid cells have previously been shown to contain TAR [24, 25], but it is 

unknown whether exosomes from infected astrocytes and microglia also contain TAR. When 

both Tat and TAR are present within an exosome they may be bound together, potentially 

sequestering Tat from its intended target [67]. However, our current exosome capture method 

is incapable of differentiating between exosomes of different cell types, Tat multimers, and 

modified Tat proteins. It is also worth noting that the nanotrap particles used in this study, 

NT80 and NT82, are also capable of binding directly to Tat peptides even when they are 

not contained within an exosome [33]. Therefore, we cannot discount the possibility that 

unbound, free Tat is also detected by this method.

Finally, we found that HIV-positive individuals with a history of substance abuse, 

particularly the stimulants cocaine and amphetamine, were significantly more likely to have 

Tat-positive CSF. These findings are especially relevant because cocaine abuse is known 

to accelerate HIV disease progression [45, 68–77] and is an independent predictor of AIDS-

related mortality [73]. Cocaine abuse contributes to oxidative stress and neuroinflammation 

in the brain [78–82]. Cocaine and other psychostimulants also compromise the integrity of the 

blood-brain barrier (BBB); in vitro studies indicate that cocaine disrupts brain microvascular 

endothelial cell (BMVEC) intercellular junctions and increases expression of endothelial 

adhesion molecules [79, 83–86], leading to enhanced transmigration of leukocytes across 

the BBB [81, 83, 86–89]. Cocaine also increases susceptibility of leukocytes [71, 90–92] and 

astrocytes [93] to HIV infection, impairs proliferation and effector function of immune cells 
[94–96] and enhances HIV replication in infected cells via activation of the NF-κB pathway 

and epigenetic remodeling of the HIV promoter [97–99].

It is worth noting that all patients were negative for cocaine use by urine screening at the 

beginning of this study. Several individuals (7/68) tested positive for cocaine at later time 

points, but there was no correlation between active drug use and current Tat levels in CSF 

(data not shown). Collectively, these findings suggest that use or abuse of psychostimulants 

at the time of HIV infection may enhance seeding of the CNS viral reservoir by multiple 

mechanisms including increased BBB permeability, enhanced susceptibility to infection and 

transmigration of leukocytes into the brain, reduced antiviral response via impaired effector 

function, and higher viral load during acute infection. Further research is required to better 
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define the relationship between HIV infection, psychostimulant use and Tat expression, and 

between Tat levels and HIV burden in the brain.

We also observed a relationship between detection of Tat in CSF and worse performance 

in both psychomotor speed and information processing, two cognitive domains that rely 

primarily on subcortical integrity and those that are commonly associated with cognitive 

impairment attributable to HIV infection [100]. This is particularly important as a possible 

biomarker of cognitive impairment in HIV because it is virus-specific unlike other potential 

biomarkers including those measured in blood, CSF, or by MRI.

Our study has a few shortcomings. Our Tat assay may lack the sensitivity to measure the 

total amount of Tat in CSF, especially since Tat protein can polymerize, form immune 

complexes, and stick to collection and storage tubes. Our sample size was also not large 

enough to analyze the full biological effects of Tat on the patient population. Despite 

these shortcomings, this study provides evidence that ART is not sufficient to fully inhibit 

Tat expression from infected cells in the CNS, and some Tat may be sequestered in CSF 

exosomes and remains biologically active. Tat levels may reflect the size of the viral 

reservoir in the CNS and may be an important target for future drug development.

Supplementary Material
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Figure 1. 
(A-B) Antiretroviral therapy (darunavir) inhibits viral release but does not diminish 
Tat protein expression in macrophages. Monocyte-derived macrophages (MDM) were 

infected with HIVSF162 followed by treatment with 1 uM darunavir or an equal volume 

of DMSO (vehicle). Medium was spiked with DMSO or darunavir every 48h hours. At 7 

days post-infection supernatants were analyzed (A) for reverse transcriptase activity by a 

PERT assay and (B) cells were lysed for Tat by ELISA. Results indicate mean ± standard 

deviation from three independent experiments. **p<0.01 as determined by unpaired, two-

tailed Student’s t-test; N.S. = not significant. (C-F) Presence of Tat protein in patients 
on antiretroviral therapy. Cerebrospinal fluid (C-F) was analyzed by ELISA for detection 

of Tat protein. Plots show (C) CSF Tat concentrations from five patients pre-ART initiation 

(Pre-ART) and two to five months after ART (Post-ART). (D) CSF Tat concentrations from 

68 patients virologically well controlled on ART. (E) CSF Tat concentrations (pg/ mL) 

from 15 patients followed for at least three years. Samples were collected from patients at 

sequential yearly visits (Patient Visit). Data shown in (D) represent the highest CSF Tat 
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level measured for that patient. For patients with longitudinal samples available, these data 

are repeated as a single time point in (E). (F) Correlation between Tat protein levels and 

HIV viral RNA (vRNA) in patients experiencing CNS viral escape without detectable virus 

in blood at the indicated time points. LOD = limit of detection for the ELISA (200 pg/ 

mL), as determined by background O.D. readings from 25 HIV-negative CSF samples + 2 

standard deviations. All samples were run in triplicate with at least two negative controls 

per plate and quantitated relative to standard curve generated using recombinant Tat protein 

(rTat). Anti-Tat antibody specificity was validated by western blot using rTat and lysates 

from Tat-transfected or untransfected HEK293T/17.
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Figure 2. Presence of Tat protein and TAR RNA in exosomes isolated from CSF.
A) Immunoblot of isolated exosomes for the Tat protein, the exosome marker CD63, actin 

(loading control), and IgG (negative control) for background subtraction. The top of the 

image shows patient identification number and the bottom of the image indicates lane 

number.C1 and C11 are control samples from HIV seronegative patients. B) Levels of TAR 

RNA were measured in CSF exosomes by quantitative RT-PCR. Results indicate copies 

of TAR per 500 μl of CSF used for exosome isolation. Error bars represent ± S.D. of 

three technical replicates. C) Summary of exosome data showing number of patient samples 

positive for Tat protein and/or TAR RNA. Results shown in Tat column represent western 

blot densitometry relative to negative IgG control: - = <1%; +/− = 1%−14.99%; + = 15%

−32.99%; ++ = 33%−65.99%; +++ = >66%. “TAR+” column indicates the number of 

patient samples positive for TAR RNA in each Tat category.
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Figure 3. Tat protein isolated from CSF exosomes is capable of transactivating the HIV 
promoter.
Scatter plots showing collected flow cytometry data. Side scatter is on the X-axis and GFP 

is on the y-axis. Exosomes from HIV-negative controls (control CSF #1, control CSF #2) or 

HIV-positive patients with detectable CSF Tat as measured by western blot (#27, #24, #17, 

#19, #25, #3) were directly added to CEM-GFP reporter cells, which contain a GFP gene 

under the control of an HIV promoter. 72 hours later, flow cytometry was used to detect 

GFP expression. As a positive control, cells were infected with HIV. Cells with no treatment 

or treatment with beads alone were used as negative controls. Sample ID is indicated in 

the top right corner and the gated number represents the percent of GFP-positive cells for a 

given sample. Bolded numbers indicated samples with gated events that exceed the negative 

control.
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Figure 4. Presence of Tat in CSF is associated with a history of drug abuse.
(A) Charts comparing percent of patients in the NIH cohort with Tat-positive (top) or 

Tat-negative (bottom) CSF who have a known history of drug abuse. Data on Illicit drug 

use was captured by a patient questionnaire asking each participant if he or she has ever 

used a specific substance. “Abuse of illicit drugs” includes patients who responded “yes” to 

questions regarding past drug use that affected their work or life but were negative for illegal 

substances by urine screening at their first visit. B) Summary of patient demographics for 

the NIH cohort (n=68), including sub-categories for patients with (n=25) or without (n=43) 

detectable CSF Tat. Significant differences between Tat-positive and Tat-negative individuals 

were determined by Chi-square analysis using Yate’s continuity correction, as appropriate 

for the sample size.
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Figure 5. Model depicting possible mechanisms of elevated Tat levels in the presence of 
antiretroviral therapy.
A) in a cell that contains an integrated, actively transcribed provirus, protease inhibitors 

prevent cleavage of HIV polyproteins (Gag-Pol), abrogating assembly and release of new 

virions. However Tat, which does not require cleavage by the viral protease, may continue 

to be transcribed, translated and released from the cell. Tat can be secreted directly into 

the extracellular space, or it may be packaged into exosomes. TAR RNA, which is also 

transcribed under treated conditions, is also packaged into exosomes alone or in addition 

to Tat. B) Tat- and TAR-containing exosomes can be endocytosed by other uninfected 

or HIV-infected cells to cause altered signaling. In HIV-infected cells which contain an 

inactive (latent) provirus, exogenous Tat can reactivate the latent provirus via induction of 

host signaling pathways such as NF-κB and transactivation of the HIV LTR. Productive 

replication is blocked in the newly transcribing cell due to the presence of protease 

inhibitors, but Tat protein and TAR RNA are produced and can be packaged into exosomes 

for delivery to other target cells.
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