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A high-throughput screening assay for silencing established 
HIV-1 macrophage infection identifies nucleoside analogs that 
perturb H3K9me3 on proviral genomes

Yanjie Yi,1 Urvi Zankharia,1,2 Joel A. Cassel,2 Fang Lu,2 Joseph M. Salvino,2 Paul M. Lieberman,2 Ronald G. Collman1

AUTHOR AFFILIATIONS See affiliation list on p. 13.

ABSTRACT HIV-infected macrophages are long-lived cells that represent a barrier to 
functional cure. Additionally, low-level viral expression by central nervous system (CNS) 
macrophages contributes to neurocognitive deficits that develop despite antiretrovi
ral therapy (ART). We recently identified H3K9me3 as an atypical epigenetic mark 
associated with chronic HIV infection in macrophages. Thus, strategies are needed to 
suppress HIV-1 expression in macrophages, but the unique myeloid environment and 
the responsible macrophage/CNS-tropic strains require cell/strain-specific approaches. 
Here, we generated an HIV-1 reporter virus from a CNS-derived strain with intact 
auxiliary genes expressing destabilized luciferase. We employed this reporter virus in 
polyclonal infection of primary human monocyte-derived macrophages (MDM) for a 
high-throughput screen (HTS) to identify compounds that suppress virus expression 
from established macrophage infection. Screening ~6,000 known drugs and compounds 
yielded 214 hits. A secondary screen with 10-dose titration identified 24 meeting criteria 
for HIV-selective activity. Using three replication-competent CNS-derived macrophage-
tropic HIV-1 isolates and viral gene expression readout in MDM, we confirmed the effect 
of three purine analogs, nelarabine, fludarabine, and entecavir, showing the suppression 
of HIV-1 expression from established macrophage infection. Nelarabine inhibited the 
formation of H3K9me3 on HIV genomes in macrophages. Thus, this novel HTS assay can 
identify suppressors of HIV-1 transcription in established macrophage infection, such 
as nucleoside analogs and HDAC inhibitors, which may be linked to H3K9me3 modifica-
tion. This screen may be useful to identify new metabolic and epigenetic agents that 
ameliorate HIV-driven neuroinflammation in people on ART or prevent viral recrudes
cence from macrophage reservoirs in strategies to achieve ART-free remission.

IMPORTANCE Macrophages infected by HIV-1 are a long-lived reservoir and a barrier in 
current efforts to achieve HIV cure and also contribute to neurocognitive complications 
in people despite antiretroviral therapy (ART). Silencing HIV expression in these cells 
would be of great value, but the regulation of HIV-1 in macrophages differs from T 
cells. We developed a novel high-throughput screen for compounds that can silence 
established infection of primary macrophages, and identified agents that downregulate 
virus expression and alter provirus epigenetic profiles. The significance of this assay is 
the potential to identify new drugs that act in the unique macrophage environment on 
relevant viral strains, which may contribute to adjunctive treatment for HIV-associated 
neurocognitive disorders and/or prevent viral rebound in efforts to achieve ART-free 
remission or cure.
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C ombination antiretroviral therapy (ART) is effective at blocking new rounds of HIV-1 
infection, which suppresses viral load, prevents CD4+ T-cell loss, and prevents 

forward transmission. However, ART does not affect already-infected cells, which can 
persist and harbor virus for the life of the individual. The primary targets of HIV-1 are 
CD4+ T cells and macrophages. CD4+ T cells are the main infected cell type in lymphoid 
tissues and blood, whereas macrophage lineage cells are the principal host cell in the 
central nervous system (CNS). Activated, productively infected CD4+ T cells are generally 
killed by infection, whereas long-lived resting CD4+ T cells are typically latent, with 
little or no virus expression. In contrast, infected macrophages typically are not killed 
by infection and can produce virus for prolonged periods without achieving complete 
latency (1, 2).

While ART is highly effective under ideal circumstances, it requires life-long adher
ence to treatment. Only ~65% of people living with HIV in the US are durably suppressed, 
largely due to social and structural factors that limit sustained engagement in care 
(3). Viremia inevitably rebounds if ART is stopped, ignited by long-lived reservoir cells, 
resulting in both CD4+ T-cell loss and the ability to transmit to others. Thus, strategies 
to achieve a long-term aviremic state in the absence of continuous ART are a high 
priority. Much attention has been directed to eradication of the CD4+ T-cell reservoir or 
establishment of a state resistant to viral reactivation, but myeloid cells within the CNS 
may also serve to re-ignite systemic viremia in the absence of ART. Strategies to inhibit 
virus expression from the CNS macrophage reservoir are therefore needed.

Additionally, many people living with HIV develop HIV-associated neurocognitive 
disorders (HANDs) even with viral suppression. While HAND that develops on ART is 
milder than that in viremic individuals, it is nevertheless a common and important 
comorbidity that impairs function and quality of life (4–6). ART prevents new rounds 
of infection but does not prevent virus expression by persistently infected cells, and 
an important driver of HAND on ART is persistent or intermittent virus gene and 
protein expression by infected myeloid cells in brain that leads to bystander injury and 
neuroinflammation (7, 8). Thus, suppressing residual virus expression by these long-lived 
infected macrophages would be a valuable adjunct to prevent neurocognitive disease in 
these individuals.

Infection of CD4+ T cells and macrophages differ in several important respects. CD4+ 
T-cell infection occurs mainly in the context of activated, proliferating cells (although 
some infection may occur in resting cells) (9, 10). In contrast, monocytes are gener
ally resistant to infection but become permissive once they mature into non-dividing 
terminally differentiated macrophages (2, 11). Thus, macrophage infection occurs in 
the context of a distinct nuclear environment. We showed recently that HIV-1 exhibits 
a unique epigenetic landscape in primary macrophages characterized by an atypical 
epigenetic profile that differed from both acutely infected CD4+ T cells and latently 
infect JLAT T cells (12). Furthermore, all HIV-1 strains have the capacity to infect CD4+ 
T cells, but only a subset of virus isolates have the ability to infect and replicate in 
macrophages. While macrophage tropism is determined largely at entry by the ability to 
use the entry co-receptor CCR5 (and occasionally CXCR4) in conjunction with exceed
ingly low levels of CD4 expressed by macrophages (13), viral sequences obtained directly 
from brain often display unique features within the long terminal repeat (LTR) control 
region (14, 15). We recently found that HIV-infected macrophages were enriched in 
histone H3K9me3, an epigenetic mark typically associated with repetitive DNA and 
heterochromatin (12). Thus, the epigenetic features and nuclear environment that 
regulate viral expression likely differ in macrophages from that in CD4+ T cells, indicating 
the need for models that recapitulate these interactions.

We sought to develop a high-throughput screen (HTS) suitable to identify com
pounds that suppress HIV expression from established infection in macrophages. 
Because macrophage infection occurs in the context of a terminally differentiated 
non-dividing cell that may impact epigenetic regulatory control, whereas cell lines 
are continuously replicating, we employed differentiated post-mitotic primary human 
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monocyte-derived macrophages (MDM). Because brain-derived macrophage-tropic 
HIV-1 isolates may have unique regulatory regions, we employed a primary virus cloned 
directly from brain of an infected individual. Finally, because HIV-1 accessory proteins 
have both known and potentially unknown regulatory functions, we constructed a 
reporter virus with all accessory genes intact. We show that this system can be used 
for screening libraries for compounds that silence HIV from established provirus which 
can then be validated in orthogonal assays of HIV/MDM suppression.

RESULTS

A brain-derived reporter virus suitable for primary macrophage-based 
screening

To best reflect regulation of virus in the myeloid reservoir in vivo, we considered several 
features important for a screening assay: (i) Because the CNS is the primary myeloid 
reservoir in the body, we generated a reporter construct based on a CNS-derived primary 
isolate, YU2, which was cloned directly from the brain of a patient with encephalopathy 
(16). (ii) While many reporters used to study HIV-1 regulation rely on LTR-only or other 
sub-viral constructs, we wished to conserve all potential known or unknown regulatory 
components in the context of an intact virus. Therefore, we used a viral molecular clone 
that was fully intact (except for env) into which we placed the reporter gene upstream 
of nef with a P2A ribosomal skip site so that both would be expressed and the reporter 
would be under the same control as nef. (iii) Infection of macrophages occurs only 
when they mature to terminally differentiated post-mitotic cells, which may result in 
unique epigenetic features that differ from replicating cells or cell lines, and thus likely 
best represented by differentiated MDM. (iv) Because non-dividing macrophages do not 
undergo cytoplasmic dilution, proteins may be more stable than in dividing cells, so 
we wished to employ a destabilized reporter that would be maximally responsive to 
changes in gene expression. (v) Although models with clonal integration can provide 
greater homogeneity, effects on viral gene expression following polyclonal integration of 
natural infection would be best reflected in a similar infection approach.

The reporter construct YU2/Δenv/nLuc is shown in Fig. 1A. Key features are that it 
is an env-deleted but otherwise intact viral genome cloned directly from human brain 
of a patient with HIV infection, possesses all accessory genes intact and its native LTRs, 
and carries a destabilized reporter in frame with and under the same control as nef 
expression.

Figure 1B shows a schematic of the screening protocol. Monocytes were differenti-
ated for 6 d into MDM, then infected with YU2/Δenv/nLuc pseudotyped with VSVg. We 
first determined the optimal number of MDM per well and determined that 2.5 × 103 

cells per well of a 384-well plate was within the linear range of the luciferase assay and 
would allow 10 plates to be created from a typical donor yield of 10 × 106 MDM. We next 
considered the length of time to wait before adding test compounds to allow integration 
to complete and an epigenetic complex to form, to reflect suppression of virus expres
sion from an established macrophage infection. We therefore carried out time-of-
addition experiments with the integrase inhibitor raltegravir. As shown in Fig. 1C, 
raltegravir treatment prior to infection blocked >99% of Luc output, as expected; 
treatment 1 d after infection had a modest effect on Luc output, while treatment 4 d 
after infection had no effect. Thus, integration is complete by 4 d after infection. Thus, we 
reasoned that the addition of compounds at day 8 would allow completion of integra
tion by 4 d plus another 4 d for maturation of epigenetic features that regulate HIV-1 
expression and might be targeted for suppression.

Screening chemical libraries for silencing agents

We screened four chemical libraries (Table S1) encompassing ~6,000 compounds. The 
SelleckChem library (850 compounds), Spectrum library (2,500 compounds), and 
MedChem Anticancer library (2,500 compounds) were screened at a single concentration 

Full-Length Text Journal of Virology

August  Volume 97  Issue 8 10.1128/jvi.00653-23 3

https://doi.org/10.1128/jvi.00653-23


FIG 1 Primary MDM silencing assay. (A) Schematic of brain-derived macrophage-tropic HIV-1 reporter construct YU2/Δenv/nLuc. The destabilized nano-lucifer

ase (nLuc) reporter was placed upstream of a P2A ribosomal skip site and inserted at the 5’ end of the nef gene of HIV-1 YU2. A premature stop was created in 

env by introduction of a 2-bp insertion at codon 59 of the open reading frame. (B) Overview of primary cell assay. Monocytes were cultured for 6 d to mature into 

MDM and then infected with the VSVg-pseudotyped reporter virus. They were cultured for 7 d more to allow infection to proceed, then re-plated into 384 well 

plates. One day later, test compounds were added and maintained in the cultures for 5 d. Cells were then harvested and nLuc for virus expression and CellGlo for 

cell viability measured in cell lysates of replicate plates. (C) Timing the completion of integration after reporter virus infection. The integrase inhibitor raltegravir 

(RTG) was added 1 d prior to, 1 d after, or 4 d after MDM were infected with the VSVg-pseudotyped reporter virus. By 4 d after infection, infection was resistant to 

integration blocking.
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(10 nM), while the EPGN library (80 compounds) was screened at two concentrations 
(1 nM and 10 nM). Compounds were tested in two replicate plates. One plate was 
assayed for nLuc as a measure of virus expression from the integrated provirus (in the nef 
reading frame), and one plate was assayed for CellTiter-Glo as a measure of cellular 
viability and metabolic activity (based on ATP content). The overall HTS assay performed 
with a Z′ =0.52 indicating that is sufficiently robust for large-scale screening (Fig. S1). Our 
criteria for a “hit” were >80% inhibition of nanoLuc (surrogate for HIV transcription 
activity) and <25% inhibition of CellTiter-Glo (surrogate for cell toxicity). The first round 
screen (~6,000 compounds) identified 214 hits for HIV-1 macrophage infection silencing. 
A summary waterfall plot showing the top hits is shown in Fig. 2. Among the top hits for 
suppression of HIV transcription were nucleoside analogs (e.g., floxuridine, vidarabine, 
cytarabine, nelarabine), as well as napabucasin (STAT inhibitor), enasidenib (IDH2 
inhibitor), and plx51107 (BET inhibitor). Interestingly, we also identified several activators 
of HIV transcription in MDM, such as cilnidipine, nimsulidipine, and nicardipine, which all 
fall into the class of calcium channel blockers.

Dose titration analysis

The 214 hits from the primary screen were then assayed in a 10-point dose titration 
experiment (three-fold dilutions from 10 μM through 0.3 nM) using the identical 
protocol. A representative set of graphs is shown in Fig. 3. We found that nelarabine 
and fludarabine had among the best therapeutic windows, with nanoLuc IC50 values 
of ~10 nM and ~200 nM, respectively, and cell toxicity CC50 (CellTiter-Glo assay) >5 µM. 
Entecavir (nucleoside analog), pyroxamide (HDAC1 inhibitor), and M341 (HDAC inhibitor) 
also showed favorable therapeutic windows (Fig. 3).

FIG 2 HTS of compounds. Waterfall plot of the HTS primary screen of 4,800 compounds from the SelleckChem library. Compounds were added at 10 μM, and 

duplicate plates were analyzed in parallel for nLuc expression from integrated provirus in MDM, and for CellTiter-Glo as an indication of cell viability. Compounds 

were ranked by percent inhibition of nanoLuc (Y-axis) and filtered for <25% change in CellTiter-Glo.
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Orthogonal validation using infectious virus

We next wished to test compounds in the context of live virus infection. First, to 
recapitulate the YU-2-based screen with a live virus, we used infectious virus derived 
from the YU-2 infectious molecular clone (IMC). To augment infectivity of this strain for 
maximal readout, the IMC was co-transfected with VSVg to generate mixed pseudotypes, 
yielding highly efficient infection. Monocytes were differentiated for 6 d into MDM, 
infected, and maintained in culture for an additional 5 d. The reverse transcriptase 
inhibitor efavirenz was then added to block new rounds of infection, and 3 d later test 
compounds were added. This timing was designed to allow integration to complete and 
epigenetic marks to assemble prior to compound addition. Effects on virus expression 
were assayed 5 d after that.

We first tested the effects of viral p24 Gag antigen both in supernatant and in cell 
lysates. Unexpectedly, high concentrations of the transcriptional inhibitor actinomycin 
D had minimal effect on p24 protein (data not shown). This result is likely due to high 
stability of the viral protein combined with the fact that virus budding in macrophages is 

FIG 3 Titration screening of compounds. Compounds were tested at 10 concentrations from 0.1 nM to 10 mM. Representa

tive compounds are shown that displayed dose-dependent separation between nLuc and CellGlo inhibition. Out of 214 

compounds subject to titration screening, 24 showed dose-dependent separation between virus inhibition and cell toxicity.
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largely into intracellular vesicles (17, 18), which together may make p24 very insensitive 
to changes in transcription.

Therefore, we assessed the effects of viral gene expression, focusing on two early 
gene transcripts, nef and tat. As shown in Fig. 4A, nelarabine, fludarabine, and to a lesser 
extent entecavir had dose-dependent selective suppression of HIV-1 gene expression 
from established macrophage infection.

We next tested two uncloned virus isolates. JRFL is a prototype CNS-derived 
macrophage-tropic strain that was isolated from brain tissue of a patient with HIV 
encephalopathy (19). Jago is a CNS-derived macrophage-tropic strain primary isolate 

FIG 4 Testing of compounds in MDM infection with different HIV-1 strains. Six-day-old MDM were 

infected with three replication-competent CNS-derived HIV-1 strains. Five days after infection, efavirenz 

was added to prevent further rounds of infection. Three days later, compounds were added at four 

concentrations (0.3, 1, 3, and 10 μM) in the continued presence of efavirenz. Cells were harvested 5 d 

later and subject to qRT-PCR for expression of the viral tat (blue) and nef (red) transcripts, and cellular 

GUSB (green). Gene expression is shown as percent inhibition relative to untreated control infections, 

calculated by the ΔCt method. Infections were carried out using duplicate wells of MDM, and data reflect 

means ± SEM of three independent infectious using different MDM donors. (A) HIV-1 YU-2 derived from 

the IMC, carrying the VSVg envelope in mixed pseudotypes to boost infectivity; (B) HIV-1 JRFL; and (C) 

HIV-1 Jago.
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derived from cerebrospinal fluid of a patient with HIV encephalopathy (20). Like YU-2, 
evidence for dose-dependent selective suppression of viral gene expression was seen 
with both CNS-derived isolates (Fig. 4B and C). Thus, features identified in our HTS were 
validated for some compounds in an authentic model of established HIV-1 macrophage 
infection.

Nelarabine decreases viral-associated H3K9me3 histone modification

To further investigate the mechanism of action of the nucleoside analogs on HIV activity 
in macrophages, we assayed several additional viral transcripts in MDM infected with 
YU-2 (Fig. 5). In particular, we wished to assay 5′ nascent transcripts that might not be 
dependent on Tat anti-termination activity and might best reflect transcriptional activity 
[TAR-short and TAR-long (21)]. Cells treated with nelarabine or fludarabine showed a 
significant reduction in TAR region RNA, as well as gag, tat, and nef RNA, supporting 
an effect on transcription. Since nelarabine had the better therapeutic window (less 
cytotoxicity in MDM), we focused on this drug for analysis of the HIV epigenome by ChIP 
assay.

Previously, we showed that histone H3K9me3 was highly enriched on HIV genomes 
in actively infected MDM (12). We, therefore, assayed the effect of nelarabine treatment 
on H3K9me3 at various positions across the HIV genome (Fig. 6). We also examined 
cellular loci known to have high levels of H3K9me3 (e.g., subtelomeric sites 10q_CTCF 
and 10q_TERRA) and positions known to be depleted of H3K9me3 (e.g., transcription 
start sites for actin and GAPDH genes). As controls, we assayed total histone H3 and 
IgG control antibody. ChIP analysis showed that nelarabine treatment reduced H3K9me3 
levels at most positions across the HIV genome, as well as at cellular subtelomeres. 
In contrast, nelarabine had no effect on total H3 or IgG levels. These results indicate 

FIG 5 Nucleoside analogs nelarabine and fludarabine reduce HIV transcripts. MDM were infected with 

YU-2/VSVg and efavirenz added 5 d later to prevent new rounds of infection. Four days later, they were 

treated with or without nelarabine (3 µM) or fludarabine (3 μM) . RNA was isolated 7 d later and assayed 

by RT-qPCR with primers targeting HIV tat, gag, nef and two different regions of the 5′ nascent transcript 

(TAR-short and TAR-long). Transcription is shown as fold over cellular GUSB levels, calculated by the ΔΔCt 

method.
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FIG 6 Nelarabine reduces H3K9me3 on the HIV proviral genome and cellular subtelomeres. MDM were 

infected with YU-2/VSVg. Seven days later, efavirenz was added to block further rounds of reinfection, 

and 3 d later treated with or without nelarabine (3 µM). Six days later, crosslinking was carried out and

(Continued on next page)
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that nucleoside analogs reduce transcription from the HIV provirus and that nelarabine 
treatment decreases H3K9me3 throughout the HIV genome and at cellular subtelomeres 
as well.

DISCUSSION

HIV-infected macrophages are found mainly in the CNS. If current cure-focused efforts to 
eradicate or silence HIV in the T-cell reservoir were to succeed, CNS macrophages could 
serve as an alternative long-lived reservoir and source of recrudescent viremia if ART 
were to be stopped. In addition, even during ART that effectively blocks new rounds of 
infection, intermittent or persistent low-level virus expression from these long-lived cells 
contributes to ongoing neuroinflammation and neurocognitive dysfunction that has 
emerged as an important comorbidity in virologically suppressed individuals. For both 
of those reasons, strategies to silence HIV in macrophages would be highly desirable. 
However, the unique features of macrophage infection and brain-derived macrophage-
tropic virus variants suggest that focused efforts to target this interaction will be needed.

The HIV Cure agenda includes efforts both to increase expression from the rest
ing CD4+ T-cell latent reservoir to enable virus detection and targeting (kick-and-kill) 
and to prevent reactivation of HIV from latency in these cells (lock-and-block). The 
lock-and-block approach may have some advantages for CNS macrophage infection, 
however. First, kick-and-kill may be challenging in the CNS, where acutely increased virus 
expression and/or immune-mediated recognition and killing could have deleterious 
consequences (22). Second, long-lived infected macrophages exhibit intermittent or 
persistent low-level virus expression, in contrast to latent resting CD4+ T cells. Indeed, 
even transformed cell line models for human myeloid cell infection such as the human 
microglia-derived microglia/HIV line undergo progressive spontaneous virus reactivation 
in culture (23). Thus, lock-and-block might have utility even in the context of ART-sup
pressed patients by reducing virus expression and consequent neuroinflammation. Our 
HTS assay provides a unique primary cell and CNS virus model for identifying agents that 
may be useful in this strategy.

The mechanisms that control HIV expression in macrophages are not well under
stood, but evidence suggests that it differs from better-studied CD4+ T cells. Fac
tors implicated in HIV regulation in microglial cells include the transcription factor C/
EBP-alpha, histone demethylase LSD1, HIC1, HMGA1, COUP-TF, CTIP2, and HPI-alpha (24–
27). We recently reported that HIV-1 proviruses in MDM have a unique atypical histone 
methylation pattern characterized by heterochromatin-associated H3K9me3 across the 
whole HIV genome, combined with H3K9ac and H3K27ac activation markers at the 
LTR (12). This pattern was distinct from both activated CD4+ T cells replicating virus 
and the JLAT cell model of latent T-cell infection. We also found enrichment of 5-hydrox
ymethylcytosine across the proviral genome in MDM, which was similar to activated 
infected CD4+ T cells and contrasted with 5-methylcytosine enrichment in latent JLATs. 
Thus, strategies that modulate macrophage viral gene expression will likely differ from 
what works in latent resting T cells. Here, we found that nelarabine reduced H3K9me3 
at both HIV and cellular genomic loci, suggesting that nucleoside analogs may affect 
HIV through some epigenetic pathways. Future studies will be required to address this 
potential mechanism of action.

Nelarabine, fludarabine, and entecavir demonstrated silencing activity in our screen 
and showed evidence of activity in a whole virus infection assay with three CNS-derived 
virus strains. Nelarabine and fludarabine are purine nucleoside analogs that inhibit DNA 

FIG 6 (Continued)

nuclei isolated. Cells were assayed by ChIP for association of H3K9me3, total histone H3, or IgG control 

using primers positioned throughout the HIV genome, or at control loci in the human genome (actin, 

GAPDH, subtelomere 10q_CTCF, and 10q_TERRA). (A) HIV-1 genome regions targeted by PCR primers; (B) 

H3K9me3; (C) Total histone H3; and (D) IgG control. Data are presented as percent of input DNA for each 

primer pair and presented as means ± SEM for n = 3 technical replicates.
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synthesis and are used as anticancer agents. While these agents would be too toxic 
for therapeutic use in this context, they may point toward novel mechanisms or other 
compounds with lesser toxicity. Entecavir is a nucleoside reverse transcriptase inhibitor 
used to treat hepatitis B virus infection. While entecavir has some modest activity against 
HIV-1 reverse transcriptase (28), our model isolates late stages of infection after reverse 
transcription and integration, so it is likely working through alternative mechanisms. 
Given the distinct mechanisms of HIV-1 regulation in macrophages compared to T cells, 
future studies be of interest to determine the effects of the agents identified here on 
virus expression or reactivation from latency in CD4+ T cells. We also identified several 
calcium channel blockers that active HIV transcription. Although we did not further 
characterize these compounds, they may be of interest for the kick-and-kill strategy, as 
well as potential risks for the wide use of these drugs in the HIV population. Nevertheless, 
these results demonstrated the ability to identify novel lead compounds in this screen.

In conclusion, the use of brain-derived viruses and primary human myeloid cells will 
be important to model the unique virus/cell environment in efforts to silence HIV within 
this compartment. While less efficient than cell lines and partial constructs, our system 
offers a viable approach to HTS for such agents.

MATERIALS AND METHODS

Brain-derived macrophage-tropic primary isolate reporter virus

The IMC of HIV-1 YU2 (16) with intact accessory genes, kindly provided by B. Hahn 
(University of Pennsylvania), was used as the basis for the construct. Mutations were 
introduced by PCR and primers used are shown in Table S2. First, a 2-bp insertion was 
introduced into codon 59 of env, leading to a frameshift and stop codon. A Not1 site was 
then introduced between the termination codon of env and initiation codon of nef by 
overlap extension PCR. A reporter cassette was generated by sequential PCRs consisting 
of (a) a 5′ Not1 site; (b) a Kozak initiation sequence (5 bp); (c) the NanoLucP (nLuc) 
reporter gene (513 bp) containing luciferase fused to a PEST destabilization sequence 
(120 bp) (Promega pNL1.2) lacking its termination codon; (d) a P2A ribosomal skip 
sequence (66 bp) to enable expression of both NanoLucP and Nef; and (e) a 3’ Not1 
site. The reporter cassette was introduced into the Δenv YU2 IMC at the Not1 site 
between env and nef, which placed nLuc and nef in-frame. This construct was designated 
YU2/Δenv/nLuc.

To generate pesudotyped reporter virions, pYU2/Δenv/nLuc and pVSVg (1 μg each) 
were co-transfected into 293T cells using Fugene (Promega). Cells were washed, re-fed, 
and supernatant was harvested 3 d later and treated with DNAse for 20 min (to avoid 
inadvertent transfection of target cells). Reporter virus was quantified by p24 antigen 
content by ELISA, and stored at −80°C until use.

Monocyte-derived macrophages

Primary human monocytes were isolated from healthy donors by leukapheresis followed 
by negative selection (Rosette-Sep; StemCell Technologies) and provided by the 
Immunology Core of the Penn Center for AIDS Research under their IRB-approved 
protocols. Monocytes were cultured in Iscove’s modified Dulbecco’s medium containing 
10% human AB serum with penicillin, streptomycin, and 1% glutamine (MDM media).

High-throughput screen

Monocytes were plated in 6-well plates (2 × 106 cells/well) and cultured for 6 d to allow 
differentiation into MDM. MDM were then infected with the reporter virus using 30 ng 
viral p24 antigen per well. Seven days later, the media was removed, cells were detached 
using ethylenediaminetetraacetic acid and gentle scraping, washed, and re-suspended in 
MDM media to which the protease inhibitor nelfinavir (2 μM) was added (as an additional 
precaution against infectious virus to be handled in the HTS facility).
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Cells were transported to the HTS facility and plated at 2,500 cells/well in white, 
opaque, tissue culture-treated 384-well plates (Griener 781080) in 40 μL of MDM media 
containing nelfinavir using the MicroFlo bulk dispenser (Biotek). The next day, 40 nL of 
1000X test compound in 100% dimethylsulfoxide (DMSO) was added using the Janus 
MDT Nanohead (PerkinElmer). As a positive control, actinomycin (5 μM final concentra
tion) or bortezomib (10 μM) was added to some wells. Parallel assay plates were set up 
such that one could be used to measure NanoLuc reporter activity, while the other could 
be used for cell viability. Three days later, 20 μL of either NanoLuc reagent (Promega, 
N1120) or CellTiterGlo (Promega, G7573) was added using the MicroFlo bulk dispenser. 
After 15–30 min, the luminescence was measured using the Envision Multimode plate 
reader (PerkinElmer). Relative luminescence unit (RLU) values were converted to percent 
inhibition (luciferase expression) or percent toxicity (CellTiterGlo), where 0% was equal to 
the RLU values in the presence of DMSO, and 100% was equal to the RLU in the presence 
of 5 μM actinomycin for luciferase reporter activity, or 10 μM bortezomib for cell viability. 
Z′ values were calculated according to the standard formula of Z′ = (3*SDLowCon
trol +3*SDHighControl)/(HighControl – LowControl). The screen established a Z ′=0.52 
(Fig. S2). Hits were cherry picked and revalidated by 10-point titration curves, which was 
carried out using duplicate wells.

Live virus macrophage infections

An orthogonal live virus assay for viral suppression used replication-competent CNS-
derived HIV-1 primary isolates JRFL (19) and Jago (20), as well as YU2 derived from 
the IMC. JRFL and Jago virus stocks were generated in peripheral blood mononuclear 
cells. To boost infectivity titers of YU2, the intact IMC was co-transfected with VSVg 
to generate mixed pseudotypes carrying both HIV-1 and VSV envelope glycoproteins 
and harvested 3 d later. Monocytes were plated at 7 × 105 cells/well in 48-well plates 
and infected 6 d later using 7 ng p24 antigen per well of each virus. One day after 
infection, the inoculum was removed and cells were re-fed. Four days later, the reverse 
transcriptase inhibitor efavirenz (2 μM) was added to prevent further rounds of infection, 
and test compounds (re-purchased as fresh stocks; ThermoFisher Scientific) were added 
3 d later. This approach ensured that treatment would reflect effects on established 
infection rather than possibly inhibiting early steps of new rounds of infection. Cells 
were maintained in culture for another 5 d and then harvested. RNA was extracted 
(Qiagen RNeasy mini kit), reverse transcribed using random hexamers or decamers, 
and qPCR carried out for viral tat and nef sequences and the cellular GUSB housekeep
ing gene by SYBR Green. Expression of tat, nef and GUSB transcripts was calculated 
relative to untreated control infections using the ΔCt method. Experiments were done 
three times using cells from different donors. Additional analysis was carried out using 
primers to detect gag gene transcription along with two different primer sets targeting 
extremely nascent 5′ transcripts spanning the TAR region as described in reference (21) 
and modified to match YU2 sequence. Primers used for RT-qPCR are shown in Table S3.

ChIP assay

Chromatin immunoprecipitation (ChIP) assays were performed as described previously 
(12). MDM were infected with HIV-1 YU2 transcomplemented with VSVg, 7 d later treated 
with efavirenz (2 μM) to block new rounds of infection, and 3 d later treated with or 
without nelarabine (3 μM). Six days later, DNA/chromatin was crosslinked, sheared, and 
immunoprecipitated with antibodies to H3K9me3 (Diagenode; catalog no. C15410056), 
pan-histone H3 (MilliporeSigma; catalog no. 07–690), or control rabbit IgG (Cell Signaling; 
catalog no. 2729S). Precipitated DNA was quantified by qPCR using primers positioned 
throughout the HIV genome, or at loci in the human genome (actin, GAPDH, subtelo
mere 10q_CTCF, and 10q_TERRA). The percent of input DNA was calculated for each 
target subjected to immunoprecipitation. Details including qPCR primers are described 
in references (12, 29).
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