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Abstract

Despite the success of antiretroviral therapy (ART), eradication of HIV-1 from brain reservoirs 

remains elusive. HIV-1 brain reservoirs include perivascular macrophages that are behind the 

blood-brain barrier and difficult to access by ART. Macrophages express transcription factor 

FOXO3a and the TNF superfamily cytokine TRAIL, which are known to target HIV-1-infected 

macrophages for viral inhibition. ONC201 is a novel and potent FOXO3a activator capable of 

inducing TRAIL. It can cross the blood-brain barrier, and has shown antitumor effects in clinical 

trials. We hypothesized that activation of FOXO3a/TRAIL by ONC201 will inhibit HIV-1 

replication in macrophages. Using primary human monocyte-derived macrophages, we 

demonstrated that ONC201 dose-dependently decreased replication levels of both HIV-1 

laboratory strain and primary strains as determined by HIV-1 reverse transcriptase activity assay. 

Consistent with data on HIV-1 replication, ONC201 also reduced intracellular and extracellular 

p24, viral RNA, and integrated HIV-1 DNA in infected macrophages. Blocking TRAIL or 

knockdown of FOXO3a with siRNA reversed ONC201-mediated HIV-1 suppression, suggesting 

that ONC201 inhibits HIV-1 through FOXO3a and TRAIL. The anti-HIV-1 effect of ONC201 was 
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further validated in vivo in NOD/scid-IL-2Rgcnull mice. After intracranial injection of HIV-1-

infected macrophages into the basal ganglia, we treated the mice daily with ONC201 through 

intraperitoneal injection for six days. ONC201 significantly decreased p24 levels in both the 

macrophages and the brain tissues, suggesting that ONC201 suppresses HIV-1 in vivo. Therefore, 

ONC201 can be a promising drug candidate to combat persistent HIV-1 infection in the brain.
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Introduction

HIV continues to be a major global public health issue affecting more than 1.1 million 

people in the USA and 36.7 million people worldwide (Deeks et al., 2017; Hall et al., 2008). 

Although application of antiretroviral therapy (ART) dramatically reduces the rate of HIV-1 

replication in infected patients, it is not able to eradicate HIV-1 from cellular reservoirs in 

the lymphatic system, gut, and central nervous system (CNS). Although many types of cells 

can be infected by HIV-1, cells that form HIV reservoirs are typically long-lived, including 

memory CD4+ T cells (Chomont et al., 2009), brain perivascular macrophages, and 

microglia (Pierson et al., 2000). In the CNS, macrophages and microglia are the main cell 

types that can be productively infected by HIV-1. The persistent infection of these cells often 

causes complications such as HIV-1 associated neurocognitive disorders (HAND). Because 

many ART drugs are not able to cross the blood-brain barrier (BBB) and reach therapeutic 

concentrations within these CNS cell types, they can produce replication-competent HIV-1, 

which may spread to other tissues and fuel the emergence of drug-resistant viral strains. 

Thus, strategies targeting these CNS reservoir cells for HIV-1 eradication are urgently 

needed.

Vulnerabilities of HIV-1-infected brain macrophages and microglia include the FOXO3a 

pathway and its transcriptional target TRAIL. FOXO3a is a conserved transcription factor 

downstream of the PI3K/Akt-1 pathway (Kaestner et al., 2000; Kaufmann and Knochel, 

1996). In the absence of environmental signals or growth factors, FOXO3a is in an 

unphosphorylated state and remains transcriptionally active. Growth factors activate the 

PI3K/Akt-1 signaling pathway, phosphorylating FOXO3a and abrogating its transcriptional 

activity (Brunet et al., 2001). FOXO3a is predominantly expressed in peripheral lymphoid 

organs but the specific immunomodulatory role of FOXO3a remains largely undefined (Lin 

et al., 2004). In memory CD4+ T cells under HIV-1 infection, multiple signals activate IκB 

kinase, which phosphorylates FOXO3a, decreasing its ability to induce expression of various 

pro-apoptotic genes (van Grevenynghe et al., 2008). Our previous publications have 

demonstrated that FOXO3a targets HIV-1-infected macrophages for apoptosis (Cui et al., 

2008). Furthermore, we have determined that FOXO3a is phosphorylated (inactive) during 

neuroinflammation and expression of FOXO3a inhibits reactive astrogliosis in a 

neuroinflammatory mouse model (Cui et al., 2011). Intriguingly, the transcriptional targets 

of FOXO3a include TRAIL, which is a member of the TNF superfamily and is also known 

as TNF Superfamily Member 10 (Pitti et al., 1996; Wiley et al., 1995). TRAIL interacts with 
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at least five unique receptors. TRAIL receptor 1 (R1) and receptor 2 (R2) have death 

domains and induce cellular apoptosis following ligand binding (Pan et al., 1997; Seol et al., 

2001; Walczak et al., 1997). TRAIL-R3, TRAIL-R4, and the fifth receptor named 

osteoprotegerin do not possess death domains and instead act as decoy receptors (Degli-

Esposti et al., 1997; Emery et al., 1998; Pan et al., 1998). Originally thought to target only 

tumor cells (Pitti et al., 1996; Wiley et al., 1995), TRAIL has been shown to reduce viral 

burden in HIV-1-infected macrophage and resting memory CD4+ T cells (Huang et al., 

2006; Lum et al., 2001b). While its receptors are expressed in macrophage and microglia, 

TRAIL is expressed in much lower levels in the CNS compared with the lymphoid tissues 

(Dorr et al., 2002; Huang et al., 2009; Peng et al., 2005; Ryan et al., 2004). The deficiency 

of FOXO3a signaling during HIV-1 infection and lack of TRAIL expression in the CNS may 

inadvertently facilitate the forming of HIV-1 brain reservoirs. Therefore, targeting the 

FOXO3a-TRAIL pathway is a novel strategy to combat HIV reservoirs within the CNS.

Targeting the FOXO3a-TRAIL pathway has been difficult due to a lack of drug candidates. 

However, recent drug development provides ONC201 as a potent and stable small molecule 

that can activate FOXO3a and transcriptionally induce TRAIL expression (Allen et al., 

2013; Allen et al., 2015; Kline et al., 2016). ONC201 is orally active and can cross the BBB 

(Allen et al., 2013). It has shown an efficacious antitumor effect and is currently being tested 

in clinical trials as a promising anticancer agent (Allen et al., 2016). In this study, we have 

investigated the anti-HIV-1 activity of ONC201. We demonstrate that ONC201 inhibits the 

HIV-1 infection both in vitro in monocyte-derived macrophages and in vivo in NOD/scid-

IL-2Rγc
null (NSG) mouse brains engrafted with HIV-1-infected macrophages. This newly 

found activity of ONC201 suggests that it can serve as a drug candidate to combat persistent 

HIV-1 infection in the CNS.

Materials and Methods

Ethics statement and mice

Primary monocyte-derived macrophages (MDM) and peripheral blood lymphocytes (PBL) 

were used in full compliance with the University of Nebraska Medical Center and National 

Institutes of Health ethical guidelines, with the Institutional Review Board (IRB) #: 162-93-

FB. For animal experiments, all mice were housed in the Comparative Medicine Animal 

Facilities at the University of Nebraska Medical Center. All procedures were conducted in 

accordance with the protocol (15-040-06) approved by the Institutional Animal Care and 

Use Committee at the University of Nebraska Medical Center. Fourteen four-week old male 

NOD.Cg-Prkdcscidll 2rgtm1Wjl/SzJ mice were purchased from Jackson Laboratories and 

HIV-1-infected human MDM (5× 105 cells, 3 μl) was injected intracranially (IC) into the 

basal ganglion of the mice. The coordinates for inoculation is: 0.5 mm posterior to bregma, 

3.5 mm lateral and a depth of 3.6 mm. ONC201 (MedKoo Bioscience, Morrisville, NC) was 

administrated daily through intraperitoneal (IP) injection at 50 mg/kg. Animals were 

sacrificed seven days after the IC injection.
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Isolation and culture of primary MDM and PBL

Human monocytes and PBL were isolated by counter-current centrifugal elutriation from 

peripheral blood mononuclear cells obtained through leukopheresis from healthy donors 

(Gendelman et al., 1988). Primary monocytes were cultured as adherent monolayers at a 

density of 1.1 × 106 cells/well in 24-well plates or 0.25 × 106 cells/well in 96-well plates and 

differentiated for seven days in differentiation medium consisting of Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Sigma Chemical Co., St. Louis, MO) supplemented with 10% 

human serum, 50 μg/ml gentamicin (GIBCO Invitrogen Corp.), 10 μg/ml ciprofloxacin 

(Thermo Fisher Scientific, Waltham, MA), and 1000 U/ml recombinant human macrophage-

colony stimulating factor (M-CSF). After seven days in differentiation, the cells became 

MDM and M-CSF was removed since the culture can produce M-CSF through autocrine 

secretion. PBL were stimulated in phorbol 12-myristate 13-acetate (PMA, 20 ng/mL, Sigma 

#p8139) and ionomycin (1 mM, Sigma #10634) for 5 hours in a T75 flask before being 

reseeded on 96-well-plates and cultured in RPMI-1640 medium (Gibco, Gaithersburg, MD) 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 μg/mL streptomycin, 

2 mM L-glutamine, and 100 U/ml IL-2 (R&D Systems, Minneapolis, MN).

HIV-1 Infection of MDM and ONC201 treatment

MDM were infected with HIV-1ADA, a macrophage-tropic strain of HIV-1, at a multiplicity 

of infection (MOI) of 0.1 virus/target cell (Gendelman et al., 1988). Briefly, viral stocks 

were diluted in MDM medium (same with the differentiation medium but without M-CSF) 

for overnight incubation with MDM. On the second day, the medium was removed and 

substituted with MDM medium and either DMSO (Sigma), ONC201, or ONC201 isomer 

(MedKoo Bioscience). For selected experiments, a recombinant human TRAIL R2/Fc 

Chimera Protein (R&D) was added to the cultures along with ONC201. The cultures were 

re-treated with the same drugs in fresh MDM medium every two days. At four days after 

infection, the cultures were treated with the same drugs in 0.5 ml/well fresh serum-free 

Neurobasal™ medium (Thermo Fisher Scientific) for 24 hours before all samples were 

collected.

Assessment of cell viability

MDM, glioblastoma (ATCC, CRL-1620), and PBL viability was determined by a 

colorimetric CellTiter 96® AQueous One Solution Assay (Promega, Madison, WI) based on 

the manufacturer’s instruction. Assays were performed by adding 20 μl of the CellTiter 96® 

AQueous One Solution Reagent, which contained a tetrazolium compound[3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner 

salt; MTS] and an electron coupling reagent (phenazine ethosulfate; PES), directly to each 

of 100 μl MDM medium in 96-well plates. After two-hour incubation at 37°C in a 

humidified 5% CO2 atmosphere, the absorbance of each well was recorded at 490 nm using 

a 96-well plate reader (BioTek, Winooski, VT).

HIV-1 reverse transcriptase (RTase) activity assay

HIV-1 replication levels were determined by HIV-1 RTase activity assay as described 

previously (Gendelman et al., 1988). RT activity was determined in triplicate samples of cell 
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culture fluids. For this assay, 10 μl of supernatant was incubated in a reaction mixture of 

0.05% Nonidet P-40, 10 μg of poly(A)/ml, 0.25 μg of oligo(dT)/ml, 5 mM DTT, 150 mM 

KCl, 15 mM MgCl2, and [3H]TTP in Tris-HCl buffer (pH 7.9) for 24-h at 37 °C. 

Radiolabeled nucleotides were precipitated with ice-cold 10% trichloroacetic acid on 

UniFilter-96 GF/C (FilterMate Harveser, Waltham, MA) in an automatic cell harvester 

(FilterMate Harveser, Waltham, MA) and washed with 95% ethanol. Radioactivity was 

determined by liquid scintillation spectroscopy.

Western blots

MDM or tissues of injection sites were homogenized with a PowerGen Homogenizer 

(Thermo Fisher Scientific) and then lysed by M-PER™ Mammalian Protein Extraction 

Reagent (Thermo Fisher Scientific, Waltham, MA). Protein concentrations were determined 

by Bradford protein assay (Bio-Rad, Hercules, CA). Cell lysates were subjected to SDS-

PAGE to separate proteins and electrophoretically transferred to Polyvinylidene fluoride 

membranes (Bio-Rad, Hercules, CA). Membranes were incubated overnight at 4°C with 

polyclonal antibodies for FOXO3a (Cat#, 75D8, Cell Signaling Technology, Danvers, MA), 

phosphorylated FOXO3a (Cat#, 9466s, Cell Signaling Technology, Danvers, MA), HIV-1 

p24 (Ref#, M0857, DAKO Corp, Carpinteria, CA), human CD68 (Ref#, M0876, DAKO 

Corp, Carpinteria, CA), caspase-3 (Cat#, 9662, Cell Signaling Technology), and β-actin 

(Sigma-Aldrich, St. Louis, MO), followed by horseradish peroxidase-linked secondary anti-

rabbit or anti-mouse secondary antibodies (Cell signaling Technology, Danvers, MA). 

Antigen-antibody complexes were visualized by Pierce ECL Western Blotting Substrate 

(Thermo Fisher Scientific). For quantification of the data, films were scanned with a 

CanonScan 9950 F scanner (Canon Inc., Tokyo, Japan) and images were analyzed using the 

public domain NIH Image J program (developed at the U.S. National Institutes of Health 

and available on the internet at http://rsb.info.nih.gov/nih-image/).

RNA and DNA extraction and real time RT-PCR analysis of HIV-1 gag

Total RNA was isolated with TRIzol (Thermo Fisher Scientific) and RNeasy Mini Kit 

according to the manufacturer’s protocol (Qiagen Inc., Valencia, CA). Following RNA 

extraction, DNA was isolated from the remaining organic phase using the DNeasy Blood 

and Animal Spin-Column kit according to manufacturer’s instructions (Qiagen). Assays-on-

demand primers for TRAIL (ID#, Hs00921974_m1), FOXO3a (ID#, Hs00818121_m1), 18S 

rRNA (Ref#, 4352930#) and GAPDH (ID#, Hs01922876_u1) were purchased from Thermo 

Fisher Scientific. For quantification of HIV-1 gag, primers and probe were purchased from 

Thermo Fisher Scientific with the following sequences: forward, 5’ ACA TCA AGC CAT 

GCA AAT-3’; reverse, 5’-ATC TGG CCT GGT GCA ATA GG-3’; probe, 5’-FAM-CAT 

CAA TGA GGA AGC TGC AGA ATG GGA TAG A-TAMRA-3’. Real-time reverse-

transcription polymerase chain reaction (RT-PCR) was performed in a volume of 10 μl using 

the one-step quantitative TaqMan Real-time RT-PCR system (Applied Biosystems Inc.). For 

analysis of HIV-1 gag DNA, real-time PCR was carried out directly on the DNA samples 

using the TaqMan Universal Master Mix and a StepOne Plus Real-Time PCR System 

(Thermo Fisher Scientific). Relative FOXO3a, TRAIL, CD4, CCR5 and HIV-1 gag levels 

were determined and standardized with GAPDH or 18S rRNA internal control using 
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comparative ΔΔCT method. All primers used in the study were tested for amplification 

efficiencies and the results were similar.

Analysis of HIV-1 proviral DNA integration

Two-step nested PCR assays were used for quantitative HIV-1 DNA integration analysis as 

previously described (Friedrich et al., 2010; Iordanskiy et al., 2010). The first round was 

performed in a 25 μl reaction mix to pre-amplify the genomic DNA from infected 

macrophages. The following primers were used: Alu forward, 5’-GCC TCC CAA AGT 

GCT GGG ATT ACA G-3’; and HIV-1 gag reverse, 5’-GCT CTC GCA CCC ATC TCT 

CTC C-3’. The PCR reaction contained 10x EX Taq Buffer, dNTP mix (2.5 mM), EX Taq 

(all from TaKaRa Bio Inc., Otsu, Shiga, Japan), ddH2O, 100 nM Alu forward primer, 600 

nM gag reverse primer, and 100 ng of genomic DNA. The DNA Engine Peltier Thermal 

Cycler (Bio Rad, Hercules, CA) was programmed to perform a 2-minute hot start at 94°C, 

followed by 30 steps of denaturation at 93°C for 30 second, annealing at 50°C for 1 minute, 

and extension at 70°C for two minutes. The second round real-time quantitative PCR was 

performed by using 5.6 μl of the reaction mix from the pre-amplification step. The amplified 

DNA was standardized with an internal GAPDH control. The sequences of the primers and 

probe were as follows: LTR forward, 5’-GCC TCA ATA AAG CTT GCC TTG A-3’; LTR 

reverse, 5’ -TCC ACA CTG ACT AAA AGG GTC TGA-3’; probe: 5’-FAM-GCG AGT 

GCC CGT CTG TTG TGT GAC TCT GGT AAC TAG CTC GC-BHQ-3’.

ELISA

Supernatants were collected and protein levels of HIV-1 p24, TRAIL, RANTES (CCL5), 

MIP-1α (CCL3), and IP-10 (CXCL10) were analyzed by in-house ELISAs (paired 

antibodies, R&D Systems, Minneapolis, MN) as previously described (Erichsen et al., 2003) 

and per manufacturer’s instructions.

siRNA transfection

Predesigned siRNA duplexes targeting FOXO3a (ID: 144672) and a negative control siRNA 

(catalog no. AM4611) were purchased from Thermo Fisher Scientific. At 72 h after HIV-1 

infection, cells were transfected with 100 nM siRNA duplexes for 4 h in DMEM culture 

medium without serum, in the presence of siIMPORTER reagent (EMD Millipore 

Corporation, Billerica, MA) according to the manufacturer’s instructions. At 72 h post-

transfection, cells were harvested and total RNA was extracted for the detection of FOXO3a 

and TRAIL levels by real-time RT-PCR.

Free-floating immunohistochemistry and image analyses

Animals were euthanized under deep anesthesia and perfused with phosphate-buffered saline 

(PBS) and then with 4% paraformaldehyde (PFA) in PBS. The brains were removed and 

immersed in freshly depolymerized 4% PFA in PBS for 48 h and then cryoprotected by 30% 

sucrose for 48 h. The fixed, cryoprotected brains were frozen and sectioned in the coronal 

plane at 30 microns using a Cryostat (Leica Microsystems Inc., Bannockburn, IL), with 

sections collected serially in PBS as previously described (Zhu et al., 2012). Brain sections 

were then incubated overnight at 4 °C with primary antibodies, followed by secondary 
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antibodies (Molecular Probes, Eugene, OR, 1: 1000) for 1 h at 25 °C. Primary antibodies 

included P24 (DAKO, 1:1000) and human CD68 (DAKO, 1: 1000). All antibodies were 

diluted in 5% goat serum in PBS. Cells were counterstained with DAPI (Sigma-Aldrich, 

1:2000) to identify the nuclei. Images were taken using a Zeiss Meta 710 confocal 

microscope (Carl Zeiss Microimaging, LLC) (20× object, tile scan 4 × 4 mode). Section 

images from eight mice were imported into Image-ProPlus, version 7.0 (Media Cybernetics, 

Silver Spring, MD) for quantification of p24/DAPI and CD68/DAPI double positive 

staining. The assessors were blinded during image acquisition and quantification.

Statistical analysis

Data are expressed as means ± SD unless otherwise specified. Statistical analysis was 

performed by using one-way ANOVA, followed by the Tukey’s-post-test for paired 

observations, or two-way ANOVA when two independent variables are considered. The two-

tailed Student’s t test was used to compare two groups. Significance was determined by a p 

value < 0.05. All experiments were performed with cells from at least three donors to 

account for any donor-specific differences. Assays were performed at least three times in 

triplicate or quadruplicate within each assay.

Results

ONC201 inhibits HIV-1 infection of macrophages in vitro

Because ONC201 was originally identified as a TRAIL-inducing anti-tumor agent (Allen et 

al., 2013), we first sought to confirm its activity in tumor cells. We treated A-172 human 

glioblastoma cells with doses of ONC201 or its isomer ranging from 0.03 to 30 μM for 72-h 

and then determined the cell viability through an MTS assay (Supplemental Fig. 1A). 

Treatment with ONC201, but not ONC201 isomer, induced dose-dependent cytotoxicity in 

glioblastoma cells, confirming the bioactivity of ONC201. Next, we performed cytotoxicity 

evaluation of ONC201 on relevant HIV-1 susceptible cells, including primary MDM and 

PBL. We treated MDM and PBL with either ONC201 or its isomer for five days at 

concentrations ranging from 0.03 to 30 μM. Treatment with either ONC201 or its isomer did 

not significantly change cell viability of MDM or PBL at all concentrations tested, as 

measured by MTS assays, compared with those in the vehicle control DMSO group (0 mM 

uninfected MDM, Fig. 1A and Supplemental Fig. 1B). Therefore, ONC201 appears to have 

specific cytotoxicity to tumor cells but not primary human MDM and PBL. In MDM 

infected with laboratory strain HIV-1ADA, ONC201 treatment significantly increased the cell 

viability, compared to isomer treatment of the same dosage (Fig. 1A), which is possibly due 

to the significant decrease of HIV-1 replication at higher doses (10 - 30 μM) of ONC201 

treatment (Fig. 1B). The HIV-1 RTase activity assay determines the levels of reverse 

transcriptase activity in cultural supernatants and is a semi-quantitative measurement of 

HIV-1 replication levels (Gorantla et al., 2005). Therefore, ONC201 is safe to uninfected 

human MDM, even at high concentrations, and it has specific antiviral activity against HIV-1 

in human MDM.

To confirm the antiviral effect of ONC201 on different strains of HIV-1 infection, we 

infected MDM with two primary HIV-1 Clade B strains (G0048CPX and 2562BG) and one 
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primary HIV Clade C strain (2873MVC), which we characterized previously (Constantino et 

al., 2011). These HIV strains displayed different replication kinetics and the infection 

peaked at different times after viral inoculation (Fig. 2). However, for all the strains, 

ONC201 treatment reduced the viral replication in a dose-dependent manner, which is 

consistent with the results in HIV-1ADA. Before the peak infection, ONC201 treatment 

achieved higher degree of viral inhibition compared with those in earlier time points (Fig. 2), 

suggesting that extending the treatment time has a positive effect on viral inhibition.

To further characterize the antiviral effect of ONC201 in MDM, we determined both 

intracellular and extracellular levels of HIV-1 capsid protein p24 through Western blots and 

ELISA, respectively. Treatment with ONC201 significantly decreased p24 levels in the 

infected MDM (Fig. 3A-C). Consistent with the p24 data, treatment with ONC201 

significantly decreased the levels of HIV-1 gag RNA and DNA when compared with those in 

the isomer or vehicle control DMSO groups (Fig. 3D and E). Furthermore, we determined 

the HIV-1 integration through a two-step Alu-based nested PCR method and found that 

treatment with ONC201 significantly decreased the level of integrated HIV-1 DNA in MDM 

when compared with those in isomer or DMSO groups (Fig. 3F). Together, ONC201 appears 

to reduce multiple viral intermediates and products in HIV-1 lifecycle, suggesting it is an 

effective agent to limit HIV-1 replication in human macrophages.

The HIV-1 replication in MDM is productive and cytopathic. To determine whether 

ONC201 is effective in latently HIV-1 infected cells, we used the pro-monocytic U1 cells 

(NIH AIDS Reagent Program), which carries latently infected HIV-1 genome that can be 

stimulated to produce virus (Folks et al., 1987). We treated U1 cells with ONC201 or its 

isomer in the presence of TNF, a cytokine known to up-regulate viral expression in the cell 

type, and measured the viral production by RTase activity assay and p24 ELISA. In both 

assays, ONC201 treatment decreased the level of HIV-1 virus in the culture supernatant in a 

dose-dependent manner (Supplemental Fig. 2A and B). Notably, the inhibitory effect of 

ONC201 was seen at concentrations as low as 0.3 μM, suggesting a higher potency of 

ONC201 against HIV-1 induction from latency compared with the viral inhibition in primary 

macrophages.

ONC201 has an anti-HIV-1 effect on macrophages in vivo

To further determine whether ONC201 has an anti-HIV-1 effect in vivo, we used an 

established HIV-1 infected NOD/SCID/IL2Rγc
null (NSG) model (Chen et al., 2015; Wu et 

al., 2009; Ye et al., 2013). HIV-1 infected MDM were intracranially injected into basal 

ganglion of the NSG immunocompromised mice. At 24-h post MDM engraftment, the mice 

were administrated daily with either ONC201 (50 mg/kg) or vehicle control via IP for six 

days. At 7-day post MDM engraftment, the mice were sacrificed for HIV-1 detection (Fig. 

4A). To visualize the HIV-1-infected cells in basal ganglion, we first performed 

immunohistochemistry in serial para-coronal brain slices encompassing the injection track 

with DAPI (Fig. 4B and E) and p24 (Fig. 4C and F). Both DAPI and p24 clearly marked the 

injection tracks and their signals were in close proximity to each other in the injection tracks 

(Fig. 4D and G). To confirm that the p24-positive cells are CD68-positve macrophages, we 

performed CD68 staining. Because CD68 and p24 antibodies are from the same species 
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(mouse) and alternative antibodies from other species worked poorly in the co-

immunostaining (data not shown), we individually labeled the injection site with either 

CD68 or p24 along with DAPI. CD68 staining revealed a substantial number of 

macrophages remained in the injection track in both DMSO and ONC201 treatment groups 

(Fig. 4H and I). We quantified the p24-positive and CD68-positive cells in consecutive slides 

through a previously established stereological method (Tian et al., 2015; Wang et al., 2017). 

As expected, we observed that ONC201 administration significantly decreased p24-positive 

cells as a percentage to total CD68-positive cells (Fig. 4J), compared with those in the 

vehicle control group. These data suggest that ONC201 reduces the number of HIV-1-

infected macrophages in the in vivo NSG mouse model. In order to better quantitatively 

determine the levels of HIV-1 inhibition, we homogenized the tissues that contained 

injection sites and subjected the tissue lysates to Western blots (Fig. 4K). The quantification 

data revealed that p24 levels significantly decreased in the ONC201 group compared with 

the control group (Fig. 4L). In contrast, CD68 levels were comparable in all of the brain 

lysates. As a result, the ratio of p24 to CD68 significantly decreased after ONC201 treatment 

(Fig. 4M), which is consistent with the p24 and CD68 staining data. Together, these data in 

HIV-1-infected NSG mice demonstrate that ONC201 is able to inhibit HIV-1 replication in 

macrophages in vivo.

ONC201 activates FOXO3a and induces TRAIL expression in HIV-1 infected macrophages

After showing the antiviral effect of ONC201 in vitro and in vivo, we investigated the 

underlying mechanism of viral inhibition by focusing on the FOXO3a-TRAIL pathway. 

There are two forms of FOXO3a: the phosphorylated form is inactive and kept in the 

cytoplasm; once dephosphorylated, it moves to the nucleus and becomes active, inducing 

pro-apoptotic genes. To assess the status of FOXO3a in HIV-1 infected macrophages after 

ONC201 treatment, we measured the levels of total FOXO3a, phosphorylated FOXO3a, and 

β-actin by Western blots. We first confirmed that HIV-1 p24 was indeed reduced by the 

ONC201 treatment (Fig. 5A). Analysis of FOXO3a phosphorylation revealed that the 

phosphorylation of FOXO3a, as determined by the ratio of phosphorylated FOXO3a over 

total FOXO3a, was decreased in a dose-dependent manner after ONC201 treatment 

compared to the vehicle control DMSO group (Fig. 5A). In contrast, treatment with 

ONC201 isomer did not significantly change the ratio of phosphor-FOXO3a to total 

FOXO3a in HIV-1-infected macrophages. This result indicates that FOXO3a is indeed 

dephosphorylated and activated by ONC201 in MDM. Next, we determined whether 

ONC201 treatment increases TRAIL expression by measuring soluble TRAIL secretion in 

the culture supernatants. We found that ONC201 treatment increased TRAIL levels in a 

dose-dependent manner (Fig. 5B). In contrast, treatment with ONC201 isomer did not 

significantly change the TRAIL levels in HIV-1-infected macrophages. Because HIV-1 

infection is known to decrease FOXO3a phosphorylation and increase TRAIL production in 

macrophages (Cui et al., 2008; Huang et al., 2009), the changes of FOXO3a phosphorylation 

and TRAIL production after ONC201 treatment could be due to a change in HIV-1 infection 

levels. To determine the direct effect of ONC201 on FOXO3a phosphorylation and TRAIL 

production, we treated uninfected MDM with ONC201 and found that ONC201 decreased 

FOXO3a phosphorylation (Supplemental Fig. 3A) and increased soluble TRAIL levels 

(Supplemental Fig. 3B) similar to the data in HIV-1-infected macrophages (Fig. 5). 
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Together, these data confirm that ONC201 activates FOXO3a and induces the downstream 

expression of TRAIL in HIV-1 infected macrophages.

The antiviral effect of ONC201 in HIV-1 infected macrophage is dependent on FOXO3a and 
TRAIL expressions.

Because downstream targets of ONC201 include TRAIL, which belongs to the TNF 

superfamily of cytokines, one plausible mechanism for HIV-1 inhibition by ONC201 is 

through ONC201-induction of cytokines that interfere with the HIV-1 lifecycle. RANTES 

(CCL5) and MIP-1α (CCL3) are both chemokines that bind to CCR5, which function as a 

primary co-receptor for HIV-1 entry in MDM (Cocchi et al., 1995; Cocchi et al., 2000). 

IP-10 (CXCL10) plays a role in chemotaxis of immune cells. We tested the CCL5, CCL3, 

and CXCL10 levels after ONC201 treatment and found that ONC201 did not significantly 

increase the levels of these chemokines in the supernatants (Supplemental Fig. 4), 

suggesting that ONC201 is unlikely to inhibit HIV-1 replication through inducing HIV-1 

suppressive chemokines in MDM. To determine if the antiviral effect of ONC201 is 

mediated by FOXO3a, knockdown of FOXO3a was performed by siRNA targeting FOXO3a 

in HIV-1-infected MDM. A non-targeting control siRNA was used as the control. We 

assayed FOXO3a and TRAIL expression at 72-h after siRNA transfection and found that 

FOXO3a-targeting siRNA reduced the mRNA levels of FOXO3a by 83% (Fig. 6A) and 

protein levels of FOXO3a by 65% (Supplemental Fig. 5A, B). Similarly, TRAIL expression 

was downregulated by 85% in HIV-1 infected macrophages (Fig. 6B), suggesting that the 

siRNA is effective in reducing FOXO3a and its downstream gene transcription. ONC201 

significantly decreased the HIV-1 replication levels, as measured by HIV-1 RTase activity 

assay, compared with those in the isomer treatment group (Fig. 6C). However, FOXO3a 

knockdown reversed HIV-1 replication to the same level as those in the isomer treated group 

(Fig. 6C). Consistent with the RTase data, FOXO3a knockdown increased the intracellular 

p24 level in the ONC201-treated HIV-1 infected MDM (Supplemental Fig. 5C). Together, 

these data suggest that FOXO3a is required for the antiviral effects of ONC201.

To further determine if TRAIL mediates the antiviral effect of ONC201, we used 50 ng/ml 

or 100 ng/ml of the soluble TRAIL receptor to act as decoys blocking the activities of both 

soluble and membrane-associated TRAIL in macrophages. This soluble TRAIL receptor is 

effective in blocking TRAIL-mediated HIV-1 inhibition in macrophages (Supplemental Fig. 

6). In ONC201-treated MDM, we found that treatment of soluble TRAIL receptors reversed 

the HIV-1 inhibition to the same level as those in the isomer-treated group (Fig. 7A). 

Consistent with the RTase activity data, treatment with soluble TRAIL receptors also 

significantly increased intracellular HIV-1 p24 levels (Fig. 7B), suggesting that the antiviral 

effect of ONC201 in HIV-1 infected macrophages is dependent on TRAIL expressions.

ONC201 pretreatment increases its efficacies against HIV-1 infection in macrophages

In cancer cells, activation of the FOXO3a-TRAIL pathway by ONC201 leads to cell death 

and apoptosis, while in HIV-1 infected MDM, treatment of human recombinant TRAIL 

induces cell death and apoptosis (Allen et al., 2013; Huang et al., 2006). In our data, 

ONC201 treatment in HIV-1-infected MDM did not significantly impact MDM viability 

(Fig. 1A). This is likely due to the unique action of ONC201, which reportedly requires at 
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least 72 hours of downstream signaling to induce TRAIL production (Allen et al., 2013). 

The lagged production of TRAIL by ONC201 during viral propagation in MDM likely 

undermined the effectiveness of antiviral activities by ONC201. To ensure full TRAIL 

production, we pretreated MDM with ONC201 for five days before the HIV-1 infection. 

ONC201 and isomer treatments were continuous both during and after HIV-1 infection. At 

three-day post infection, we found that ONC201 pretreatment reduced cell viability in a 

dose-dependent manner (Fig. 8A). Furthermore, cell death of HIV-1 infected macrophages 

was accompanied by significant increase of caspase cleavage (Fig. 8B, C), indicating that 

ONC201 pretreatment induces apoptosis in HIV-1 infected macrophages. As expected, 

analysis of HIV-1 replication by RTase activity assay showed that the ONC201 pretreatment 

dose-dependently lowered viral levels in the cell culture (Fig. 8D). At 30 μM, ONC201 

pretreatment dramatically reduced HIV-1 replication by 96%, a much higher efficacy 

compared with those in ONC201 treatment post infection. Taken together, these data 

demonstrate that ONC201 pretreatment increases its efficacies against HIV-1 infection in 

macrophages and the pretreatment is associated with significant apoptosis in infected 

macrophages.

Discussion

Targeting of long-term HIV persistence with novel approaches is essential to combat AIDS 

in the post-cART era (Carpenter et al., 2000; Krebs et al., 2000; McArthur et al., 1999). In 

the present study, a novel small molecule ONC201 was tested for its potential antiviral effect 

on the HIV-infected macrophages. We demonstrated that ONC201 has little toxicity in 

uninfected human macrophages and exert an anti-HIV-1 effect on infected macrophages in 
vitro. In a murine HIV Encephalitis model, ONC201 treatment significantly reduced HIV-1 

levels in engrafted macrophages, indicating the antiviral effect of ONC201 in the brain 

reservoir cell type in vivo. We further identified that the antiviral effect of ONC201 is 

mediated by the FOXO3a/TRAIL pathway, as ONC201 activated FOXO3a and induced 

TRAIL expression in HIV-1-infected macrophages, and knockdown of FOXO3a or blocking 

TRAIL abrogated the antiviral activity of ONC201.

Although variants of recombinant TRAIL and the longer-lived TRAIL receptor agonist 

antibodies have been developed and applied in clinical trials (Camidge et al., 2010; Greco et 

al., 2008; Leong et al., 2009; Mom et al., 2009; Plummer et al., 2007; Tolcher et al., 2007; 

Trarbach et al., 2010), those protein-based therapeutics are costly and therapeutic 

concentrations remain difficult to maintain. Therefore, increasing endogenous TRAIL 

protein production via pharmacological means is a more practical approach. ONC201 was 

originally screened from the National Cancer Institute (NCI) Diversity Set II as one of the 

small molecules capable of up-regulating endogenous TRAIL gene transcription (Allen et 

al., 2015). There are other potent TRAIL-inducing compounds such as TIC9 reported from 

the screening. However, ONC201 seems to uniquely potentiates tumor cell death while 

sparing normal cells and lacks genotoxicity in normal fibroblasts, which could be the result 

of a relatively milder induction of death receptor 5 compared with those inducted by TIC9 

(Allen et al., 2015). This characteristic of ONC201 allows it to specifically target HIV-1 

infected macrophages and be further considered for clinical applications.
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ONC201 has been well-known in cancer research for its capacity to induce sustained TRAIL 

upregulation and apoptosis in tumor cells both in vitro and in vivo (Allen et al., 2013; Allen 

et al., 2015). Our study for the first time demonstrates that ONC201 inhibits HIV-1 

replication in macrophages both in vitro and in vivo. The evidence for viral inhibition after 

ONC201 treatment is multifold. First, the HIV-1 RTase activity assay is a relatively accurate 

measurement of HIV-1 virion production in the supernatants (Gorantla et al., 2005). Notably, 

ONC201 decreases HIV-1 RTase activities in MDM through FOXO3a and TRAIL but likely 

not through a direct inhibition of HIV-1 RTase activities since ONC201 is not able to 

suppress HIV-1 when directly incubated with HIV-1 virions (Supplemental Fig. 7). Second, 

two-step Alu-based nested PCR determines the level of HIV-1 integration by measuring 

HIV-1 LTR DNA as the proviral DNA integrated in the host genome (Brady et al., 2013). 

ONC201 is able to lower the levels of HIV-1 integration into the genome. Third, ONC201 

also decreases intracellular/extracellular HIV-1 p24, GAG RNA, and GAG DNA in HIV-1-

infected MDM. Despite its specific effect on HIV-1 replication, at the current working 

concentration (30 μM), ONC201 is not able to completely eradicate HIV-1 from the cultures. 

This could be due to the expression of TRAILshort in MDM that confers TRAIL resistance 

upon ONC201 treatment (Nie et al., 2018), or lack of optimal trimeric TRAIL conformation 

that is most potent for the antiviral effect (Mongkolsapaya et al., 1999). Thus, other ART 

drugs may be required along with ONC201 for optimal HIV-1 inhibition.

As a small molecule, ONC201 shows an outstanding capability of BBB penetration, which 

makes it particularly attractive for combating CNS viral infection. For brain tumors such as 

glioblastoma, ONC201 penetrates the intact BBB with five times higher concentrations in 

brain tissue relative to plasma in rodents (Allen et al., 2013). Therefore, after a successful 

dose escalation phase I trial (Stein et al., 2015), many ongoing clinical trials 

(clinicaltrials.gov) focus on brain tumors. In the present study, ONC201 is injected through 

IP into the NSG mice and its antiviral effect against the HIV-1 infected macrophages in the 

brains indicate that it is able to cross the BBB and achieve the therapeutic outcome in the 

case of CNS HIV-1 infection.

Our studies identify that the antiviral effect of ONC201 in HIV-1 infected macrophage is 

dependent on FOXO3a and TRAIL expressions. However, the exact molecular interactions 

between ONC201 and FOXO3a remain to be determined. Besides being a FOXO3a 

activator, ONC201 has also been proposed as a selective dopamine receptor 2 (DRD2) 

antagonist (Arrillaga-Romany et al., 2017; Kline et al., 2018; Stein et al., 2017). Previous 

studies have shown ONC201 inactivates both Akt-1 and ERK1/2 to activate FOXO3a and 

induce the transcription of TRAIL in cancer cell lines (Allen et al., 2013). We observed that 

the phosphorylation of FOXO3a is decreased after ONC201 treatment in the HIV-1 infected 

MDM, indicating ONC201 targets the same signaling pathway in cancer cells. However, 

ONC201 is also known to induce endoplasmic reticulum (ER) stress-related or integrated 

stress response (ISR)-related genes, such as ATF4, CHOP, GADD34, and TRIB3 (Endo 

Greer and Lipkowitz, 2016). Whether these genes work in tandem with FOXO3a/TRAIL 

pathway or not warrants future investigations.

The exact mechanism by which ONC201-activated TRAIL signaling reduces HIV-1 

replication remains an active research question. One potential mechanism is that TRAIL-

Zhao et al. Page 12

Antiviral Res. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://clinicaltrials.gov


mediated apoptosis clears the HIV-1 infected cells while spares the normal cells. This is 

supported by previous reports demonstrating that leucine-zipper TRAIL, agonistic anti-

TRAIL receptor antibodies, and activated NK cell-derived TRAIL induce apoptosis in MDM 

and peripheral blood lymphocytes and consequently reduce viral burden in HIV-infected 

individuals (Lum et al., 2001b; Lum et al., 2004; Shepard et al., 2008). Another potential 

mechanism of TRAIL is that it may exert its antiviral effect though apoptosis-independent 

mechanisms. TRAIL signaling may change the status of immune cells by interfering with 

the activation of NF-κB, PKB/Akt and MAPKs, which are relevant factors for HIV-1 

replication (Falschlehner et al., 2007). Our current data support the apoptosis theory as a 

mechanism of action for ONC201. In HIV-1 infected macrophages with ONC201 post-

infection treatment, ONC201-mediated TRAIL production inhibits viral replication. 

However, viral inhibition could also work to negate the effect of HIV-1-induced cell death as 

seen in Fig. 1A. In HIV-1 infected macrophages with ONC201 pre-infection treatment, 

ONC201 dramatically lowered HIV-1 replication levels, which is accompanied by lower cell 

viabilities and increased cleavage of caspase-3. The ONC201-mediated cytotoxicity in 

HIV-1 infected MDM raises the question of the safety and potential side effects of ONC201. 

However, in uninfected MDM and PBL, ONC201 treatment does not cause cytotoxicity, 

possibly due to the reportedly lower expression levels of death receptors on these cells 

compared to the infected cells (Lum et al., 2001a). Therefore, these data suggest that while 

cautions need to be considered, ONC201 is relatively safe to normal cells and will be useful 

in future antiviral therapies.

Immune-activating agents, such as interleukin 2 and anti-CD3 antibody, or for epigenetic 

modulation, such as Histone deacetylases inhibitors, often failed to purge the virus in vivo 
(Archin et al., 2012; Chun et al., 1999; Elliott et al., 2014; Prins et al., 1999; Rasmussen et 

al., 2014). Therefore, new therapeutic agents are warranted to combat persistent HIV-1 

infection. Our study demonstrates for the first time that ONC201, a FOXO3a activator and 

TRAIL inducer, inhibits HIV-1 replication in macrophages both in vitro and in vivo. 

Notably, ONC201 is the founding member of the imipridone class of compounds that share a 

unique imidazo pharmacophore. New compounds continue to be developed in this class (Lev 

et al., 2017; Wagner et al., 2017). These new group of compounds provide us with more 

drug candidates to modulate immunity and fight viral infections.
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Refer to Web version on PubMed Central for supplementary material.
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CNS central nervous system

HAND HIV-1 associated neurocognitive disorders

BBB blood brain barrier

MDM monocyte-derived macrophages

RTase reverse transcriptase

ERK1/2 extracellular signal-regulated kinase 1/2
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Highlights

1. ONC201 has little toxicity in uninfected human macrophages and exerts anti-

HIV-1 effects on infected macrophages in vitro.

2. In a murine HIV Encephalitis model, ONC201 treatment significantly 

reduced HIV-1 levels in transplanted macrophages.

3. The antiviral effect of ONC201 is mediated by the FOXO3a/TRAIL pathway.
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Figure 1. ONC201 has an antiviral effect on macrophages.
A) Human MDM were plated in 96-well plates and infected with HIV-1 for 24 hours before 

incubation with doses of ONC201 or its isomer ranging from 0.03 to 30 μM. Uninfected 

MDM were treated with the same ONC201 and isomer dosages in parallel for comparison. 

At 5-day post ONC201 and isomer treatments, cell viability was determined by the MTS 

assays. Data were analyzed by two-way ANOVA, and results shown are the means ± SD of 3 

experiments. B) At the same experimental end point as the MTS assays, supernatants were 

removed and the replication levels of HIV-1 were monitored by RTase activity assay. Results 

shown are from representative experiments performed with three different donors. Data were 

analyzed by two-way ANOVA: ** denotes p < 0.01, *** denotes p < 0.001, compared to the 

HIV-1+ONC201 isomer group of the same treatment dosage.
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Figure 2. ONC201 has an antiviral effect against different primary HIV strains.
A-C) Human MDM were plated in 96-well plates and infected with different primary HIV 

strains, including 2873MVC (HIV-1 Clade C strain, A), G0048CPX (HIV Clade B strain, B) 

and 2562BG (HIV Clade B strain, C) for 24 hours before incubation with doses of ONC201 

or its isomer ranging from 3 to 30 μM. At 2-, 6-, 10-, and 14-day post ONC201 and isomer 

treatments, supernatants were collected and the replication levels of HIV-1 were monitored 

by RTase activity assay. Values represent SEM of biological replicates. Data were analyzed 

by two-way ANOVA: ** denotes p < 0.01, *** denotes p < 0.001, compared to the 

HIV-1+ONC201 isomer group of the same treatment dosage.
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Figure 3. ONC201 inhibits HIV-1 p24, gag RNA, DNA, and integrated LTR DNA in 
macrophages.
Human MDM were plated in 24-well plates in triplicate and then infected with HIV-1ADA 

for 24 hours before incubation with ONC201 or ONC201 isomer at 30 μM for 5 days. A, B) 

Cell lysates were collected and subjected to SDS-PAGE and immunoblotting for HIV-1 p24. 

Actin was used as the loading control. Densitometric quantifications of p24 in MDM were 

presented as a ratio to actin and normalized as fold changes to the vehicle control DMSO 

group. C) Supernatants were collected and subjected to ELISA for HIV-1 p24. Values 

represent means ± SEM of three biological replicates. D-F) RNA (D) and DNA (E, F) were 
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isolated from the samples. HIV-1 gag was detected through quantitative real time RT-PCR 

and real time PCR, respectively. Relative HIV-1 gag and LTR DNA levels were determined 

and standardized with 18S rRNA or GAPDH internal control. Values represent means ± 

SEM of three biological replicates. ANOVA analysis: * denotes p < 0.05 compared to the 

vehicle control DMSO group.

Zhao et al. Page 23

Antiviral Res. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. ONC201 reduces HIV-1 infection levels in NSG mouse brains engrafted with infected 
human macrophages.
HIV-1-infected human macrophages were intracranially injected into the basal ganglia of 

NOD/scid-IL-2Rgcnull (NSG) mice. Mice were administrated daily with ONC201 (50 

mg/kg) or solvent control DMSO through intraperitoneal injections. A) Timeline of 

experimental procedures and sample collection in the HIV-1-infected NSG mouse model. B-

J) Immunostaining of p24 and CD68 in the injection sites of mouse brains: co-

immunostaining of p24 and DAPI (B-G); co-immunostaining of CD68 and DAPI (H-I); 

quantification of the p24/CD68 ratio per area (J). K-M) Brain tissues that contained the 

injection sites were homogenized for detection of HIV-1 p24 and human CD68 in Western 
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blots. Data were evaluated statistically by an unpaired Student’s t-test, n = 6 per treatment 

group.
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Figure 5. ONC201 activates FOXO3a and induces TRAIL expression in HIV-1 infected 
macrophages.
Human MDM were plated in 24-well plates and then infected with HIV-1ADA for 24 hours 

before incubation with ONC201 or ONC201 isomer at 3, 10, or 30 μM for five days. A) Cell 

lysates were collected and subsequently subjected to SDS-PAGE and immunoblotting for the 

detection of phospho-FOXO3a, total FOXO3a, and p24. Actin was used as the loading 

control. Densitometric quantifications of phospho-FOXO3a in MDM were presented as a 

ratio to total FOXO3a and normalized as fold changes to the vehicle control DMSO group. 

B) Soluble TRAIL concentrations after ONC201 or ONC201 isomer treatment were 

determined from cell culture supernatants using ELISA. Data were normalized with total 

cellular protein concentrations. Results shown are from representative experiments 
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performed with three different donors. ANOVA analysis: * denotes p <0.05, ** denotes p < 

0.01, compared to the vehicle control DMSO group.
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Figure 6. Antiviral effect of ONC201 is dependent upon FOXO3a in HIV-1-infected 
macrophages.
Human MDM were plated in 24-well plates and then infected with HIV-1ADA for 24 hours 

before incubation with ONC201 or ONC201 isomer at 30 μM for five days. At two days 

after HIV-1 infection, MDM were transfected with either non-targeting control siRNA or 

FOXO3a siRNA. A-B) At the experimental end point, FOXO3a and TRAIL mRNA were 

detected in total cellular RNA through real time RT-PCR. Data were normalized to 18S 

rRNA and presented as fold change compared to control siRNA group with isomer 

treatment. C) HIV-1 infection levels were determined by the RTase activity assay. Values 
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represent means ± SEM of three biological replicates. ANOVA analysis: *** denotes p < 

0.001, compared to the control siRNA with isomer treatment group; # denotes p < 0.05, ### 

denotes p < 0.001, compared to the control siRNA with ONC201 treatment group.
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Figure 7. Antiviral effect of ONC201 in HIV-1 infected macrophages is dependent on TRAIL 
expression.
HIV-1-infected MDM were incubated with ONC201 or ONC201 isomer at 30 μM, along 

with 100ng/ml, 50ng/ml soluble TRAIL receptor, or 100ng/ml soluble TNF receptor as a 

control for 5 days. A) HIV-1 infection levels were determined by RTase activity assay. B) 

Cell lysates were subjected to SDS-PAGE and immunoblotting for HIV-1 p24. Actin was 

used as the loading control. Densitometric quantifications of p24 in MDM were presented as 

a ratio to actin and normalized as fold changes to the control group. ANOVA analysis: *** 

denotes p < 0.001, compared to the control group with isomer treatment; # denotes p < 0.05, 

## denotes p < 0.01, compared to the control group with ONC201 treatment.
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Figure 8. ONC201 pretreatment increases its efficacies against HIV-1 infection in macrophages.
Human MDM were plated in 96-well plates and incubated with doses of ONC201 or its 

isomer ranging from 3 to 30 μM for 5 days before infection with HIV-1. ONC201 and 

isomer treatments continued during and after the infection. A) At three-day post infection, 

cell viability was determined by the MTS assays. B) Cell lysates were collected and 

subsequently subjected to SDS-PAGE and immunoblotting for the detection of cleaved 

caspase-3 and pro-caspase-3. Actin was used as the loading control. C) Densitometric 

quantifications of cleaved caspase-3 in MDM were presented as a ratio to pro-caspase-3 and 

normalized as fold changes to the vehicle control DMSO group. D) Supernatants were 

collected and the replication levels of HIV-1 were monitored by RTase activity assay. Results 

shown are from representative experiments performed with three different donors. Data were 

analyzed by two-way ANOVA: * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 

0.001, compared to the vehicle control DMSO group.
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