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Molecular Mechanisms Controlling HIV Transcription
and Latency – Implications for Therapeutic Viral
Reactivation

Michael D. Röling, Mateusz Stoszko and Tokameh Mahmoudi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61948

Abstract

Persistence of transcriptionally silent replication competent HIV-1 is a major barrier to
clearance of the virus from patients; current combinatorial antiretroviral therapies are
successful in abrogating active viral replication, but are unable to eradicate latent HIV-1.
A “shock and kill” strategy has been proposed as a curative approach in which latent vi‐
rus is activated and infected cells are removed by immune clearance, while new rounds
of infection are prevented by antiretroviral therapy. Much effort has been put toward un‐
derstanding the molecular mechanisms maintaining HIV latency and the nature of reser‐
voirs, to provide novel therapeutic targets. This has led to the development of latency
reversal agents (LRAs), some of which are undergoing clinical trials. Targeting multiple
mechanisms underlying HIV latency via a combination of LRAs is likely to result in more
potent activation of the latent reservoir. Therefore, novel as well as synergistic combina‐
tions of therapeutic molecules are required to accomplish more potent latency reversal.

Keywords: HIV-1 latency, Latency reversal agents (LRAs), Combinatorial antiretroviral
therapy

1. Introduction

Human immunodeficiency virus-1 (HIV-1) is a lentivirus, a subgroup of Retroviridae. Like all
retroviruses, HIV-1 virions consist of an RNA genome with viral proteins encapsulated in a
viral envelope. The viral proteins execute key steps to establish a productive infection by stably
integrating into the host genome. Unlike most retroviruses, HIV-1 can also directly infect
nondividing cells. HIV-1 preferably infects a subset of T-lymphocytes (CD4+ T-cells) that play
a crucial role in the immune response. HIV-1 infection causes exhaustion and ultimately

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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depletion of the host immune system, a syndrome termed acquired immuno-deficiency
syndrome (AIDS). HIV-1 came into prominence with the outbreak of the AIDS epidemic in the
1980s. Major steps have been taken toward treating this viral infection. In particular, combi‐
natorial antiretroviral therapy (cART) successfully abrogated HIV-1 replication. Thus, for
compliant patients with access to c-ART, HIV infection has become a chronic rather than a
lethal disease. However, cessation of antiretroviral therapy results in viral rebound in infected
patients, even after years of cART. This is because in a small fraction of infected cells, HIV
persists in a latent but replication-competent state. Latent HIV is unaffected by cART, but
infection can rebound upon cART interruption. Therefore, HIV latency is the main challenge
in developing a curative therapy for HIV.

The quest for an HIV-1 cure involves the development of either a sterilizing or a functional
cure. A sterilizing cure would require complete removal of replication competent viral genetic
material from the infected patient and thus the stable depletion of latently HIV-infected cells.
A functional cure, on the other hand, requires the patient’s immune system to suppress HIV-1
replication life-long in the absence of cART without disease progression, loss of CD4+ T cells
and HIV transmission. The functional cure does not aim to eradicate the virus entirely from
the patient. Both the sterilizing and functional cure strategies are currently the subject of major
research efforts.

2. Clinical picture of HIV

The AIDS epidemic in the 1980s led to the identification of HIV as the causative agent. AIDS
is a condition in which depletion of CD4+ T-cells overtime leads to the loss of the host immune
system’s ability to fight infections and cancers, eventually leading to death. As HIV was
identified as the causative agent, cure efforts focused on disrupting the viral lifecycle. In the
early 1990s, the first antiretroviral therapies – monotherapies – had limited success as they
resulted in rebound of viremia due to the appearance of resistant viral strains. Resistant HIV
required novel therapeutic strategies. Therefore, a combination of anti-retrovirals, targeting
distinct steps of the viral life cycle was developed, so-called combinatorial antiretroviral
therapy (cART). cART has proven to be extremely successful in lowering the amount of viral
RNA in plasma below the limits of detection by standard laboratory techniques. Unfortunately,
the therapy does not eradicate the virus as cessation of medication causes re-emergence of viral
replication [1–3]. Thus, a fraction of the virus escapes the effects of cART. The source for this
recurring viral replication is a small pool of latently infected cells that harbor integrated
proviruses which, while silent, are not recognized by either the immune system nor are they
subject to cART. Moreover, HIV can persist in the presence of cART in certain anatomical sites
if drug penetrance is incomplete.

According to the World Health Organization (WHO), the number of HIV-infected individuals
worldwide in late 2014 was estimated to be approximately 37 million [4]. The vast majority of
infected people live in sub-Saharan Africa, where access to appropriate diagnostic centers and
cART is limited. Estimates put new infections at 5,600 a day in 2014.

Advances in Molecular Retrovirology
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2.1. HIV-1 replication cycle and state-of-the-art antiretroviral therapy

HIV-1, as all viruses, is a parasite of the host cell and hijacks key cellular processes to establish 
a productive infection. To produce new virions, the virus goes through a viral replication cycle. 
HIV’s replication cycle consists of entering the cell by docking at the cell surface receptor 
CD4 and co-receptors CCR5/CXCR4 and fusing to the cell, un-packaging of the genome, 
reverse transcription of the viral RNA genome into double-stranded DNA, which is the main 
compo‐nent of the pre-integration complex, followed by integration of the double-
stranded DNA genome into the host genome, transcription of the provirus, translation of 
viral proteins, and ultimately virion biogenesis followed by budding from host cell and 
maturation. Modern cART targets most steps in the HIV viral replication cycle (Figure 1). 
There are currently 28 approved agents for the treatment of HIV infection [5]. They fall into 
six mechanistic major classes, which act at different stages in the HIV replication cycle:

1. Fusion inhibitors: enfuvirtide (ENF, T-20), the only currently available fusion inhibitor,
binds to the gp41 receptor site, preventing the fusion of the virus with the target cell.

2. C-C chemokine receptor type 5 (CCR5) antagonists: maraviroc (MVC) is currently the only
available CCR5 antagonist. This drug is an entry inhibitor, specifically blocking the human
chemokine receptor CCR5.

3. Nucleoside (nucleotide) reverse transcriptase inhibitors (NRTIs) block the addition of
nucleosides to the DNA chain during reverse transcription of RNA.

4. Non-nucleoside reverse transcriptase inhibitors (NNRTIs) bind to and inhibit the enzyme
reverse transcriptase (RT), preventing conversion of viral RNA to DNA during infection.

5. Integrase inhibitors (INIs): raltegravir (RAL), elvitegravir (EVG) and dolutegravir (DTG)
are the only currently available drugs in this class. They target the HIV enzyme integrase
(IN) that is required for insertion of viral genetic material into human DNA.

6. Protease inhibitors (PIs) bind to the catalytic site of HIV aspartic protease, blocking the
processing of viral proteins (eg. Saquinavir).

These antivirals comprise the various current cART regimens that are used in the clinic. cART
has proven to be extremely successful in suppressing viral replication in compliant patients.
In fact, it has been argued that the theoretical potential of cART has already been reached [6].
Therefore, in the developed world with access to medication, HIV has become a chronic and
not a lethal disease.

2.2. The burden of lifelong cART

Implementation of cART has provided long-term suppression of viral replication, improving
the life expectancy and life quality of infected patients. Unfortunately, the economic burden
of cART is debilitating. According to the Centers for Disease Control and Prevention (CDC),
lifetime costs of treating HIV infection is estimated to be $379,668 per infected individual in
the United States [7].

Molecular Mechanisms Controlling HIV Transcription and Latency – Implications for Therapeutic Viral Reactivation
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Moreover, patients on cART overtime can experience several side effects of cART such as:
cardiovascular diseases (e.g., myocardial infarction); non-AIDS cancers (e.g., anal cancer, liver
cancer, Hodgkin’s disease); liver, kidney, and bone disease as well as neurologic complications,
such as dementia [8]. Interestingly, most of these conditions are associated with the ageing
process. Hence, it is thought, that HIV infection controlled by cART accelerates ageing. And
importantly, HIV persists in a latent state that is not targeted by cART, rendering cART a
therapeutic management of the disease as opposed to a curative treatment. Thus, there is much
need to develop a curative therapy for HIV.

Figure 1. The viral replication cycle can be targeted pharmacologically at different stages

2.3. Clinical latency

The first step in finding a cure for HIV-1 infection is to identify the main source of cells that
carry silenced, replication-competent HIV-1. Therefore, it is critical to define which cells or
anatomical compartments constitute a reservoir of latent but replication-competent HIV-
infected cells.

HIV-1 infects cells expressing the cell surface CD4 receptor and either of the co-receptors CCR5
or CXCR4. These cells include T helper cells, monocytes, macrophages, and dendritic cells. In
vivo, HIV infects mostly activated CD4+ T-cells as quiescent and resting CD4+ T-cells are less
permissive to infection due to low expression of CD4 and CCR5, and minimal metabolism [9–
12]. The low metabolism is characterized by low levels of available dNTPs for reverse tran‐
scription and lack of energy sources [13–17]. Additionally, the cortical actin barrier in resting
cells is thought to inhibit virus entry, reverse transcription and nuclear import [18,19].
However, the biggest pool of latently infected cells comprises resting memory CD4+ T-cells.

Advances in Molecular Retrovirology
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It is thought that these latent infections are predominantly generated while activated infected
cells revert back to a resting memory state [20–22]. During this process, as the genome of the
(partially) activated cell condenses and is silenced in transition to a memory state, so does the
HIV genome [14,15]. There is also evidence for direct infection of resting cells by HIV, resulting
in the generation of a latent infection [23]. Studying these cells in patients is challenging as the
frequency of latently infected cells in suppressed patients is very low, estimated to be 1 latent
cell per 1 million of uninfected cells [24,25]. Due to the long half-life of a latently infected resting
memory CD4+ T-cells (estimated at 44 months), cART would take over 70 years in order to
eradicate HIV from the infected patient [6,26,27].

Naive T-cells are also found to be latently infected; however, the frequency of such cells is even
smaller than resting memory cells [28]. Interestingly, the naive T-cell reservoir may increase
over time in suppressed individuals due to high proliferation of these cells compared to resting
memory cells [29].

HIV is found also in cells of monocyte/macrophage lineage such as macrophages in brain and
lung sections of infected individuals on anti-retroviral therapy [30,31]. However, proviral
transcription occurs in these cells at low levels; therefore, it is debatable whether these cells
are part of the latent reservoir [32,33].

Among the anatomical compartments affected by HIV-1, the central nervous system (CNS)
and gut-associated lymphoid tissues  (GALT)  are  two major  sites  [34–36].  The source  of
infection in the CNS is most likely infected monocytes, which are able to cross the blood–
brain barrier as the virus itself cannot [37–39]. Approximately 5-10 times more HIV-1 RNA
can  be  obtained  from  GALT  than  from  blood  cells  in  patients  receiving  cART  [40,41],
potentially  indicative  of  lower  penetrance  of  cART  in  cells  within  this  anatomical  site.
However, the contribution of these compartments to rebound of viremia after cART cessation
remains controversial [42,43].

2.4. Clinical proof-of-concepts for HIV-1 eradication

Thus far, only one patient, the so-called Berlin patient, was cured from HIV-1 after receiving
treatment for acute myeloid leukemia [44,45]. HIV eradication in this patient was accomplished
after several rounds of radio- and chemotherapy, total body irradiation, and two hematopoietic
stem cell (HSC) transplantations from a donor bearing homozygous thirty-two base pair
deletion in the CCR5 co-receptor gene (CCR5Δ32) were performed. The mutant CCR5 impedes
viral entry of R5 tropic viruses in the first phase of the infection [46–49]. It is estimated that
between 1% and 15% of the European Caucasian population harbor this mutation, while it
occurs less frequently in African and Asian populations [47, 48]. In this patient, cART was
ceased a day before the first transplant and after 7 years, no viremia or other indications of
viral replication have been detectable [52].

Following the success of the case of the “Berlin patient”, two HIV-1-positive patients, the
“Boston patients”, received HSCs transplants after developing Hodgkin’s lymphoma [53].
Both patients carried heterozygous CCR5Δ32 mutation. While still under cART regimen, no
viral production was observed which led to cessation of therapy. Unfortunately, after several
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months, strong viral rebound occurred in these patients. Follow-up analysis pointed to the 
likely presence of a small refractory source of cells, which is thought to have seeded the viral 
rebound; phylogenic studies revealed that only a few latent proviruses contributed to the 
viral rebound [53]. Several other similar studies have been conducted with infected 
patients suffering from either leukemias or lymphomas who received autologous or 
allogenic HSC transplantation alongside cART as a strategy to deplete the latent pool of cells. 
However, in most of these studies, viral rebound was detected following therapy interruption 
[54].

In another case, the Mississippi baby, an infant presumably infected in utero, received cART 
30 h after birth. As newborns do not have resting memory CD4+ T-cells, it was reasoned that 
cART will prevent establishment of the latent reservoir – the main impediment in eradication 
strategies. One month after therapy, viremia reached undetectable levels and cART was 
stopped after 18 months. Unfortunately, 2 years post therapy interruption, rebound of 
viremia was detected (52, http://www.niaid.nih.gov/news/newsreleases/2014/pages/
mississippibaby‐hiv.aspx).

The immune system of rare “elite controllers” maintains low HIV-1 plasma levels, without 
the need of medication for many years. Although the capability of these patient to control 
viral replication is not completely understood, their circulating myeloid dendritic cells and 
CD8+ T-cells are more effective in depletion of infected CD4 T-cells [56–61]. Interestingly, the 
ANRS VISCONTI cohort showed that cessation of long-term cART, started during the acute 
phase of HIV-1 infection, resulted in post-treatment control (PST) of infection. Fourteen of the 
studied individuals were able to keep or even further reduce the viral reservoir. Furthermore, 
these individuals were able to maintain long-lasting, low level of viremia [62]. Recently, a 
perinatally infected baby displayed more than 11 years of HIV-1 remission. At 3 months of 
age, plasma HIV-RNA reached 2.1 x 106 copies/ml, and cART was administered for about 5–6 
years. At 6.8 years of age, no HIV-1 RNA was detectable and cART was discontinued. After 
more than 12 years, plasma viremia still remains undetectable [63]. Therefore, this case 
provides the first evidence that early initiated, long-term cART can result in stable and 
durable HIV-1 remission.

Data from the Berlin and Boston patients provided a rationale for the creation of HIV-
resistant cells. Since the CCR5Δ32 homozygous mutation is not lethal and not associated with 
abnormal immune functions [52], many approaches to silence the CCR5 gene have been or are 
under investigation [64–67]. These studies all employ genome editing technologies such as 
tran‐scription activator-like effector nuclease (TALEN), clustered regularly interspaced short 
palindromic repeats (CRISPRs) or zinc-finger nucleases (ZNFs), which target the genome with 
high specificity and introduce deletions in the sequence of interest, in this case in the DNA 
sequence of CCR5 or/and CXCR4 co-receptors [64,65,68]. The rationale for this approach is 
based on the notion that cells bearing mutated CCR5 protein are not permissive to infection 
with R5 HIV-1 viruses, while cells with a mutated CXCR4 are resistant to C4 viruses. The 
double knock-out of both CCR5 and CXCR4 would allow resistance to infection regardless of 
viral tropism. However, the safety of such an approach remains to be elucidated. Uninfected 
HSCs isolated from infected individuals are engineered with either technology and then 
transfused back into patients. The ZNF approach targeting CCR5 has shown some promising 
results, although the sizes of cohorts used have been small. Gene-modified cells persisted in
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patients over 9 months, and cells seemed to expand and undergo trafficking to other tissues
[66]. An increase in CD4+ T-cell counts was observed in all individuals. Importantly HIV-1
DNA in the blood decreased. The encouraging outcome of this study has resulted in phase II
clinical trials.

Another gene therapy-based approach is the introduction of HIV-1 expression-dependent
suicide genes encoding either toxic or pro-apoptotic proteins such as members of the Bcl-2
protein family. Constructs that are responsive to Tat and Rev viral proteins were tested [69].
While obtaining encouraging results, activity of such suicide genes only affects cells that are
actively producing viruses, thus the latent pool of cells would still be unaffected.

Despite many attempts at HIV-1 cure, thus far only two cases, the "Berlin patient” and the early
treated infant have resulted in eradication [44,45,63]. Due to safety and economic issues
associated with transplantation and gene therapy approaches, broad use of such a therapeutic
approach is not feasible for HIV cure. Moreover, the gene therapy approach provides a
functional rather than sterilizing cure. Nevertheless, all these studies provided valuable
insights into the biology of the latent reservoirs. They constitute a proof-of-concept for HIV-1
cure. Moreover, it seems that immediate initiation of cART contributes to restricting the
establishment of the latent pool.

These studies highlight the need for more robust, cheaper, and feasible treatments in order to
achieve HIV-1 eradication among all infected individuals. In 2004, the concept of so-called
“shock and kill” or “kick and kill” therapy was proposed [70–72]. The aim is to specifically
reactivate proviruses in latently infected cells (“shock”) and eliminate the infected cells via
viral cytophatic effects or/and render the cells susceptible to immune clearance (“kill”). New
rounds of infection would be prevented by cART. “Shock and kill” therapy relies on the
identification of potent and specific latency reversal agents (LRAs) alongside induction of an
effective immune response against the reactivated latent pool of cells. The LRAs currently
under investigation do not result in sufficient reactivation of latent HIV in vivo. Therefore,
novel molecules that specifically reactivate latent HIV-1 are urgently needed.

3. Model systems and assays to detect and study HIV-1

To study the complex nature of HIV-1 latency, reliable model systems are required that
recapitulate the nature and dynamics of the latent reservoir in vivo. Several cell lines of
lymphocytic or monocytic lineage, primary-cell models, as well as animal models, are used to
study HIV latency [73].

3.1. Cell lines

Immortalized cell lines of T-cell and monocytic origin are cost-effective and easy to use in the
study of latent HIV. They allow fast read-outs in large scale for mechanistic molecular
characterization of HIV gene expression. Therefore, cell lines are an attractive platform for
screening and mechanistic characterization of LRAs. To generate a latent cell line, cells must
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first be latently infected with a HIV derived virus. Several different HIV derived viruses are
used ranging from full length to minimal virus and can make use of a wide range of reporter
constructs (e.g. GFP or luciferase). The viral Tat/TAR axis is of vital importance for the
transcriptional regulation of HIV and can be included or excluded from the viral construct
used. Latent infection of relevant cell lines derived from T-cells or monocytic lineage, depend‐
ing on reservoir of interest generate cell lines that can be used to study the molecular mecha‐
nisms of HIV latency [74–78].

Ach-2 and U1 cells are characterized by low expression of HIV-1, which can be strongly
upregulated upon TNFα or mitogens stimulation [74,79]. However, in these cell lines, latency
results from mutations in Tat protein (U1 cell-line) or in RNA stem loop TAR (Ach-2) [76,77].
Therefore, these cell lines do not represent complexity of latency found in vivo, however, they
do allow Tat/TAR-independent HIV-1 reactivation investigation.

A more appropriate system to study latency are J-Lat cell lines derived from Jurkat cells of T-
lymphocytic origin [78, 80,81]. These cells have integrated replication-competent full-length
or minimal proviral constructs with an intact promoter and Tat-TAR axis, a GFP reporter gene
replaces the Nef sequence in full-length proviruses or is located downstream of Tat in minimal
proviruses [78].

These cell lines have been extremely useful to delineate the molecular requirements of HIV
transcription activation and silencing. Although useful for molecular analysis and screening
platforms, the cell line model systems of HIV latency also present some limitations; first, clonal
cell lines are derived from a single integration event, and therefore do not reflect the diverse
distribution of integration sites in the host chromatin [82,83]. Consistently, results vary
depending on the cell lines used, indicating possible clonal cell line effects [84]. Due to the
above mentioned limitations and the considerable difference between cell line models and
primary cells in terms of proliferative capacity, genomic stability and mechanisms involved
in establishing and maintaining latency, generally latency models based on primary cells are
preferable.

3.2. Primary cells

To more closely resemble infection in vivo and validate putative LRAs more accurately, several
primary cell models have been developed. Depending on the cell status at infection, these
models can be divided into two groups.

The first group relies on purification of CD4+ T-cells from healthy donors, that are then
activated and subsequently infected. Depending on the method, CD4+T-cells are purified and
stimulated with a-CD3/IL-2 [85], a-CD3/aCD-28 [86], a-CD3/aCD-28/IL-2 [87], or Ag-MDDC
(antigen-loaded monocyte-derived dendritic cells; [88]), and infected with virus. Productively
infected cells die due to virus-induced apoptosis or become latent by reverting back to a resting
state. To limit infection to only one replication cycle, replication-defective viruses or antire‐
troviral drugs are also used. The rationale for these systems rely on the notion that a portion
of activated, infected CD4+ T-cells transition to a quiescent state, shutting down general
transcription and slowing down metabolism, resulting in latency [6,25,28,89–91]. Depending
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on the method used, different populations of latently infected cells are generated for use in
reactivation studies. In the methods suggested by Sahu and Marini central memory T (TCM)
cells remain in culture, in Yang’s protocol mainly effector memory T (TEM) cells are produced,
in Bosque and Planelles’s method cells phenotype resembles central memory-like (TCM). The
main disadvantage of these methods is the time needed to obtain results, which varies from 1
to 4 months. Furthermore, they are labor-intensive and technically challenging.

The second group uses direct infection of resting memory CD4+ T-cells, which immediately
after integration become latent. Cells are infected after purification and can be used after
several days for reactivation studies [90, 91]. Stimulation of CCR7, CXCR3, or CCR6 receptors
increases the susceptibility of resting memory CD4+ T-cells to infection without T-cell activa‐
tion. In the methods of Swiggard and Lassen, central memory T (TCM) and effector memory T
(TEM) cells are the source of latent HIV-1; in Saleh’s method naïve resting memory T-cells, in
addition to TCM and TEM cells, constitute the latent pool. The main advantage of these methods
is the time needed to evaluate the potency of putative LRA, as results can be obtained within
one week.

Depending on the protocol used, the amounts of cells that become latent differ from as little
as 1% to up to 40%. In models where cells are activated, on average more latently infected cells
are generated. Using these models, we can quantify the level of reactivation of HIV-1 in a
reliable manner by measuring the production of the viral protein p24 by enzyme-linked
immunosorbent assay (ELISA) or quantification of viral transcription by quantitative RT-PCR,
or by detection of GFP/luciferase in case of reporter-based constructs.

A novel detection method distinguishes uninfected, productively infected, and latently
infected cells using a dual reporter system. A modified HIV-1 derived genome containing GFP
as a reporter of viral transcriptional activity and mCherry under an EF1a promoter as a reporter
of infection (latent or productive) allows easy isolation of the different cell populations [23].

Ultimately, the golden standard for testing activity of LRAs are primary cells from infected
individuals under cART obtained by leukophoresis, a process in which white blood cells are
specifically isolated while other blood components are reverted back to the patients’ circula‐
tory system. The isolated cells are uninfected, latently infected, and infected with defective
viruses. Large amounts of CD4+ T-cells are required and isolated from patients for testing
LRAs.

The development of primary cell models greatly improved the quest for LRAs, yet results differ
between each model system [84]. No in vitro models completely recapitulate the full range of
latent cells in vivo; instead, only a small sub-fraction of latently infected cells is represented.
Hence, the validation process of putative LRAs requires testing on cells derived from infected
individuals [93].

3.3. Animal models of HIV-1 infection

The number of animal models available to study latency is limited. The toxicity of putative
LRAs can be assessed with use of mouse and non-human primate (NHP) models [94]. Two
mouse models have been developed and used in HIV latency studies: the humanized SCID
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(SCID-hu) mouse, transplanted with human thymus and liver fragments, and the humanized
blood, liver, and thymus (BLT) mouse which has a human immune system with full mucosal
immunity [95–97]. Unfortunately, SCID-hu mice do not express human proteins involved in
the viral replication cycle; therefore, the study of HIV-1 in these mice is restricted to events
taking place within organs of human origin in this model. In addition, HIV-1 is not responsive
to cART in these animals. BLT mice are a better model of HIV-1 infection, as they produce
resting memory CD4+ T-cells of human origin. However, some components of cART do not
repress replication in BLT mice [34].

NHP models employ the Simian immunodeficiency virus (SIV) infection in rhesus and pig
tailed macaques to recapitulate HIV-1 infection in humans [98,99]. NHP models allow the
monitoring of the spread of infection. Moreover, infection in this model can be controlled by
antiretroviral therapy. NHP models are helpful in studying the first stages of latency estab‐
lishment, as investigating this part of HIV-1 infection is extremely challenging in patients, as
the pool of latently infected cells is established early during infection [100]. One caveat to the
use of SIV-based NHP models of HIV latency is that the viral 5′LTR or promoter of SIV is
considerably different in sequence from HIV-1 [101] and therefore latent SIV response to LRAs,
which is a direct consequence of promoter-mediated transcription activation may vary
substantially from latent HIV-1. In addition, animal models are far more expensive than cell-
based systems. Nor do they fully reflect human infection or metabolism. Finally, ethical
concerns are inherent to the use of NHP models of HIV latency.

3.4. Detection of the latent reservoir

The study of latent HIV infection requires accurate measurement of the size of the latent
reservoir and the extent of reactivation following LRA treatment. Depending on the experi‐
mental aim, different detection methods can be employed. These methods generally rely on
PCR, protein quantification, or reporter detection.

The quantitative viral outgrowth assay (QVOA) is a well-established method to estimate the
latent pool. The assay relies on the use of serial dilutions of cells obtained from an infected
individual in co-culture with uninfected cells that are permissive to infection. Viral proteins
are detected by ELISA. Unfortunately, QVOA is time-consuming, costly, and might generate
false-negative results as not all replication-competent proviruses are reactivated, and thus not
detected [83].

The HIV reservoir can be approximated by detecting the number of viral DNA copies present
in the cells. The recently introduced digital droplet PCR (ddPCR) improves on classic and
nested qRT-PCR by simultaneously amplifying thousands of nanoliter reactions in combina‐
tion with very sensitive detection system based on flow cytometry [94,102,103]. ddPCR is
therefore superior to nested qRT-PCR in its ability to resolve rare events such as latent HIV-1.
Although PCR based methods provide increased sensitivity for the detection of viral genetic
material, these approaches also detect defective proviruses, which results in false-positive
results.
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Another recent PCR-based method for reservoir detection evades false positive results from
defective proviruses. The Tat/rev induced limiting diluting assay (TILDA) relies on PCR
amplification of multiply spliced RNA (msRNA) of tat/rev transcripts that are present in
productively infected cells and absent in latent infection [104]. Small amounts of cells isolated
from patients are divided into two equal parts and distributed in limiting dilution. One half
is left unstimulated while the other is activated with PMA/Ionomycin. After 12 hours, cells are
lysed and subjected to ultrasensitive nested RT-PCR. By employing statistical modeling, the
frequency of cells that are expressing msRNA in both groups is estimated and based on the
unstimulated group a threshold of activation can be set. Using the TILDA assay, the size of
the reservoir is estimated at 24 cells per million, which is more than measured by QVOA but
less than measured by PCR methods [24,83,104]. The assay more accurately estimates the true
size of the latent reservoir, is highly sensitive, reproducible, fast, relatively inexpensive, and
requires only 10 mL of patients’ blood. However, a limitation on the TILDA assay is that it
detects the presence of viral transcripts but not the production or release of infectious viral
particles; therefore, it may still overestimate the true size of the reservoir, yet to a smaller extent
than other PCR-based methods. Additionally, signal detection relies on amplification of highly
variable region of the HIV-1 DNA; therefore, detection of all subspecies of HIV-1 might be
challenging and require extra optimization steps.

Unfortunately, all current methods to detect latent HIV-1 have limitations. First, the pool of
latently infected cells in patients is extremely low, resulting in a high noise-to-signal ratio.
Furthermore, defective or hyper-mutated proviruses are detectable by PCR-based techniques,
yet irrelevant for eradication strategies. Moreover, not all replication-competent proviruses
are inducible in the first round of treatment, yet get reactivated upon subsequent rounds of
stimulation [83]. Thus, assays to measure latency reversal are overestimating – in the case of
PCR-based methods – or underestimating – in the case of QVOA – the latent pool. This poses
a main problem in measuring efficiency of the reactivation of HIV-1. A captivating approach
employing the use of a biomarker (e.g., gene), which responds to treatment in the same way
as HIV-1, would allow more easily quantifiable assessments as to whether latent HIV in patient
cells would be responsive to a particular treatment.

4. Molecular mechanisms of latency

Although replication-competent, latent HIV is transcriptionally silenced but susceptible to
reactivation upon certain stimuli. Following integration into the host genome, transcription
from the HIV genome is controlled by key cellular host factors, and subject to host cell gene
regulation similar to endogenous genes. Since viral transcription initiation, elongation, and
termination are tightly regulated by host proteins, HIV is also widely used as a model system
to study gene regulation.

4.1. Host antiretroviral mechanisms thwart infection

Host defense mechanisms impede HIV-1 infection. Upon entering the cell, HIV’s RNA genome
is reverse transcribed into double-stranded DNA (dsDNA). This process requires freely
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available deoxynucleotide triphosphates (dNTPs). By limiting the pool of freely available
dNTPs, the nucleotide scavenger SAMHD1 restricts viral replication in non-cycling myeloid
cells and quiescent CD4+ T-cells [105–108]. Additionally, SAMHD1 has 3′–5′ exoribonucleases
(RNAse) activity that specifically cleaves single-stranded RNA [109,110]. Interestingly, Vpx,
encoded by HIV-2 and Simian immunodeficiency virus, is an accessory protein packaged into
the virion, which induces SAMHD1 degradation [111].

Additionally, APOBEC3G limits viral replication by catalyzing the deamination of cytidine to
uridine in the viral single-stranded DNA (ssDNA) genome during reverse transcription [112].
Interestingly, APOBEC3G is inactive in memory CD4+T-cells, which helps to explain why this
cell type is more permissive to HIV-1 infection. Therefore, activated CD4+ T-cells are the main
target cell type of HIV infection and of the main source of the latent reservoir.

4.2. Integration of HIV into the host genome required by host factors

The reverse-transcribed viral DNA genome is incorporated in the pre-integration complex
(PIC). The PIC is imported into the nucleus. Host factors identified so far that affect viral
integration are lens epithelium-derived growth factor (LEDGF/p75/PSIP1) and hepatoma-
derived growth factor related protein 2 (HRP- 2/ HDGFRP2), through an integrase binding
domain. In the absence of LEDGF, provirus integration is decreased 10-fold and HIV’s pattern
of integration is altered [113–115]. Simultaneous LEDGF and HRP-2 knockdown further
decreases viral replication [116]. Nevertheless, knockdown of both factors does not completely
abolish HIV-1 integration, indicating that IN alone and/or in cooperation with other host
factors can still integrate the viral genome [117]. PIC nuclear import stimulates export to the
cytoplasm of INI-1 and PML, disrupting this effect greatly improves integration efficiency
[118–120]. Upon knockdown of transportin-3/TNPO3 and nuclear pore protein RanBP2/Nup35
HIV-1 integrates randomly [121]. Therefore, nuclear import affects the site of integration with
a preference for open chromatin.

4.3. Pre-integration vs post-integration latency

Two states of latency can be defined based on the integration state of HIV: pre-integration
latency and post-integration latency. Defects in integration or in a prior phase of the viral
replication cycle (e.g., incomplete reverse transcription) might result in unintegrated viral
DNA. The half-life of the linear pre-integration complex is approximately 1 day [122]. The
linear unintegrated viral DNA can also be circularized, resulting in slightly extended half-life
of the virus [123]. In quiescent cells, the pre-integrated virus can reside near the centromere
for weeks [124]. Unintegrated virus can replicate, albeit very inefficiently [125]. The half-life
of both forms of unintegrated virus is too short and replication inefficient to serve as the source
required for the long-term persistence of latent HIV making pre-integration latency less
clinically relevant.

Post-integration latency occurs when the HIV virus is stably integrated into the host genome,
but a productive infection is not achieved. The site of integration and the abundance of
transcription factors are crucial for determining whether an infection will be latent or produc‐
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tive. The site of integration will determine the chromatin environment (such as histone
modifications), relative position to other genes (intronic insertion vs gene desert) and position
within the nucleus of the provirus.

4.4. Integration biases

The site of integration greatly determines the transcriptional activity of the provirus. HIV
preferentially integrates into active genes both in patient material and transformed cell lines
[82,126–128]. Moreover, HIV-1 integrates in regions of genome that are in close proximity to
nuclear envelope [129]. Latent integrations are in or close to alphoid repeat elements in
heterochromatin, whereas productive integrations avoid insertion in or near heterochromatin
[78]. Integration is associated with transcription-inducing histone modifications (i.e., H3 & H4
acetylation and H3K4 methylation) but not transcription-inhibiting modifications (i.e., H3K27
trimethylation and DNA CpG methylation) [130]. A comparison of integration sites in resting
and activated CD4+ T-cells showed that in both cell types HIV integrates in active genes.
However, in activated cells, insertions were enriched for gene dense, CpG island-rich and high
G/C-content regions [131]. Latency in infected Jurkat cell lines correlated with integrations in
gene deserts, centromeric heterochromatin, and highly expressed cellular genes [128]. Within
the nucleus, HIV-1 is located mostly in decondensed chromatin at the nuclear periphery, while
it disfavors heterochromatic regions [132]. Interestingly, latent proviruses were found to
interact with a pericentromeric region of chromosome 12 in quiescent cells [133]. In a study of
viremic progressors and viremic controllers, integration was enriched into, or in close prox‐
imity to, Alu repeats, local hotspots, and silent regions of the genome [134]. In addition, close
proximity of the provirus to PML bodies is associated with latency, an association that is lost
upon reactivation [135].

4.5. Integration relative to host genes affects transcriptional state of the provirus

Sense and antisense integration relative to host genes can greatly affect the transcriptional state
of HIV. Integration in sense orientation can lead to promoter occlusion, whereas integration
in antisense orientation can lead to collision of the transcriptional machinery. Promoter
occlusion occurs when the transcriptional machinery is depleted from the viral promoter by a
dominant host promoter that is transcribed and negatively affects proviral expression.

Indeed, chimeric transcripts of the host gene and in sense viral integrations were observed
[136,137]. Additionally, Han et al. compared the effect of sense and antisense insertions of HIV
relative to the active HPRT gene [138]. In this setting, sense integration enhanced viral
expression whereas antisense integration (transcriptional collision) led to suppression. Sense
integrations were shown to be modestly preferred in latent cells, a preference that was not
present in productively infected cells [139]. Transcriptional interference and transcriptional
collision are examples of host genes interference with viral expression. On the other hand,
reactivation of HIV may lead to suppression of host gene expression [136]. Indeed, in a cell
model with a latent integration into the HMBOX1 gene, the host gene was repressed upon viral
reactivation [140].

Molecular Mechanisms Controlling HIV Transcription and Latency – Implications for Therapeutic Viral Reactivation
http://dx.doi.org/10.5772/61948

21



4.6. Viral transcription starts at the 5'LTR

The provirus is flanked by a 5′ and 3′ long terminal repeats (LTRs). While transcription can be
initiated from both LTRs, the 5′ LTR is dominant and serves as the HIV promoter, although 3′
transcription is activated when the 5′ LTR is defective [141]. Transcriptional interference has
been proposed as the mechanism by which the 5′ LTR exerts its dominance over the 3′ [142].
Interestingly, low-level antisense transcription takes place at the 3′ LTR, a mechanism by which
latency can be maintained [143–147]. Sense transcription results in at least 40 coding transcripts
due to alternative splicing of the HIV-1 genome [148]. Finally, both LTRs also act as a source
of negative sense transcription, which could potentially affect the expression of neighboring
genes [149,150].

4.7. The 5′ LTR contains numerous putative transcription factor binding sites

HIV-1 encodes a potent trans-activating protein – Tat – that drives viral expression during
productive infection. However, initially, before sufficient levels of Tat are expressed, the
provirus relies on host factors to initiate transcription. The 5′ LTR contains three regions – U3,
R, and U5 (Figure 2) [151]. The R region, immediately next to the transcription start site (TSS),
contains the trans-activation response (TAR) element, an important regulator of HIV expres‐
sion. The U3 region contains the core promoter (nucleotides –78 to –1 upstream of TSS), a core
enhancer (nucleotides –105 to –79), and a modulator region (nucleotides –454 to –104)
[152,153]. The core promoter contains three Sp1 binding sites in tandem, a TATA box, and an
initiator element at the transcription start site. The core enhancer contains two NF-kB-binding
sites. The modulator region – so-called because early experiments with deletion upstream of
the LTR caused increased activity of the LTR – was shown by later experiments to contain
binding sites for both repressive and activating factors including nuclear factor of activated T-
cells NFAT, STAT5, NF-kB p65/p50 heterodimers, lymphocyte enhancer factor (LEF-1),
CCAAT/enhancer binding protein (C/EBP) factors, AP-1, and activating transcription factor/
cyclic AMP response element binding (ATF/CREB) factors (Figure 2) [152,154–162]. It is well
established that these transcription factors have binding sites within HIV-1 sequence. More‐
over, they are strong activators of HIV-1 transcription of which NF-κB is considered the most
critical [163–166]. In addition to the presence of these sites, bioinformatic tools indicate that
this region of the HIV LTR contains a tightly clustered distribution of multiple transcription
factor consensus binding elements [167].

4.8. Positive host factors bind to the 5′ LTR

Initial transcription of HIV-1 is entirely dependent on host factors. Nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) is a hetero dimer comprised of p50 and p65
subunits involved in T-cell activation. NF-kB acts as a transcription factor and is a potent
activator of HIV-1 transcription initiation and elongation. It interacts and functions coopera‐
tively with numerous proteins. Independent of Tat, NF-kB can reactivate HIV to high expres‐
sion levels [168]. Mutated NF-kB-binding sites on the LTR inhibit basal transcription and Tat
transactivation [169]. NF-kB, Sp1, and other factors (LEF-1, Ets1, and TFE-3) bind to sites near
NF-kB sites and synergistically activate HIV transcription, even in the presence of repressive
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chromatin structures [170,171]. NF-kB and AP-1, a heterodimer of proteins from the c-Fos, c-
Jun, ATF, and JDP families, cooperatively trans-activated LTR activity through the ERK1/ERK2
mitogen-activated protein kinase (MAPK) pathway [161]. Acetylation of Lys310 in NF-kB p65
subunit is an activating mark that is removed by NAD+-dependent protein deacetylases SIRT1
and SIRT2 [172]. Tat positively affects NF-kB by inhibiting SIRT1 and stimulating degradation
of IkB, a protein that sequesters NF-kB in the cytoplasm [169,173]. The viral nucleocapsid (NC)
protein enhances NF-kB-mediated activity by interacting with the LTR [174]. p65 recruits
THIIH which is part of the preinitiation complex and its subunit CDK7 with kinase activity
activates CDK9, resulting in increased HIV transcription [175,176]. The cell surface receptor
OX40, bound by its ligand gp34, activates transcription from 5′ LTR, in a manner dependent
on the presence of NF-kB-binding sites on the LTR [177]. The transcription factor E2F-1, a
regulator of S-phase gene expression, inhibits LTR transcription through the recruitment of
p50 at the NF-kB-binding sites on the LTR [178].

Members of the SV40-promoter (Sp) specific transcription factor family regulate LTR activity.
Sp1 and Sp4 are activators of HIV-1 [179]. Expression of Sp transcription factors changes during
monocytic maturation, suggesting differences in susceptibility to LTR activation during
differentiation [180].

Nuclear factor of activated T-cells (NFAT) can induce LTR activity in T-cells [155]. NFAT
recruits HATs through CBP/p300, which results in reactivation of HIV-1 transcription [181].
The Janus kinase (JAK)/signal transducers and activators of transcription (STAT5) can
stimulate or inhibit HIV transcription. STAT5 binds to its binding sites in the U3 enhancer
region on the LTR where it promotes transcription [156]. In response to a broad range of
cytokines (e.g., IL-2, IL-7, IL-15) and granulocyte-macrophage colony-stimulating factor (GM-

Figure 2. The genome of HIV-1
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CSF) JAK-mediated phosphorylation of a C-terminal tyrosine residue activates STAT5A and
STAT5B. Homodimers or heterodimers of activated STAT5A and STAT5B translocate to the
nucleus to stimulate HIV expression [182,183]. Interestingly, STAT5Δ, an isoform of STAT5
truncated on the C-terminus, acts as a repressor of LTR activity [184]. Indeed, in the promon‐
ocytic cell line U1 high levels of STAT5Δ are present. Upon stimulation with GM-CSF,
STAT5Δ blocks RNAPII from binding to LTR U3 region, inhibiting activity of HIV promoter
[185]. STAT5Δ promotes p50 homodimers binding to the LTR, contributing to latency main‐
tenance [186].

In monocytes and macrophages, CCAAT/enhancer binding protein (C/EBP) factors are crucial
for activation of HIV-1 [160,187–189]. C/EBP, a member of the bZIP superfamily, contains a
DNA-binding domain and a leucine zipper for homo- and heterodimerizations. Similar to Sp-1,
levels of C/EBP vary during myeloid development [190]. Interestingly, the HIV-1 LTR contains
several C/EBP binding sites [159].

Some studies employing mutagenesis of binding sites for activator protein-1 (AP-1) within
proviral genome showed that AP-1 transcription factor is the crucial activator of proviral
transcription, as proviruses with altered AP-1-binding sites were less prone to reactivation
even if treated with strong activator such as phorbol 12-myristate 13-acetate – PMA [191].
Furthermore, the latent pool was bigger in cells infected with a virus carrying a deletion in
AP-1 sites, implicating that the AP-1 protein is necessary for successful provirus transcription
[192]. Heterodimeric protein AP-1 is formed upon phosphorylation od c-Jun N-terminal kinase
(JNK) in JNK/MAPK pathway [193]. It is well established that activation of TLR signaling
induces nuclear localization of NF-kB and AP-1 mediated via JNK pathway [194–196].

In addition to the already mentioned host factors, the potent viral trans-activating protein
Tat and to a lesser extent the multifunctional viral protein, viral protein R (Vpr), positive‐
ly affect viral transcription. Productive infection requires the presence of Tat. Exogenous
expression of Tat rescues HIV from latency [197]. A defective Tat mutant (C22G) is incapable
of full-length viral expression [198]. Additionally, the Tat mutant (H13L) is more prone to
establish latency [197]. Tat recruits the positive transcription elongation factor b (P-TEFb),
which shifts RNAPII promoter proximal pausing to transcriptional elongation leading to a
productive  infection  [199,200].  P-TEFb  consists  of  CDK9,  a  serine/threonine  kinase,  and
CyclinT1. The N-terminal cystein-rich region of Tat (Cy22-Cy37) binds to CycT1 through
Zn2+-mediated interactions [201–203].

Vpr is a multifunctional HIV-1 protein that plays a role in nuclear import of the PIC and cell
cycle arrest in proliferating cells. Vpr also activates LTR activity through multiple mechanisms.
Vpr recruits p300 to the 5′ LTR increasing acetylation, resulting in HIV-1 transcription [204].
Moreover, Vpr interacts with Sp1 and TFIIB, part of the transcription initiation complex,
stimulating proviral transcription [204–206].

4.9. Repressive host factors at the 5′ LTR

Not all host transcription factors have an activating effect on LTR activity (Figure 3). YY1 and
LSF recognize binding sequences in the LTR and repress transcription through epigenetic
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modification [207]. C-promoter binding factor-1 (CBF-1) also represses HIV through epigenetic
silencing [208,209]. c-Myc recruits an epigenetic silencing factor to repress HIV-1 [210].

Transcription factors initiate LTR activity, but full-length transcripts are not produced because
transcription elongation is inhibited. DRB sensitivity-inducing factor (DSIF), a heterodimer
composed of hSpt4 and hSpt5 proteins, induces capping of RNA from newly initiated
transcription complexes [211]. The subunit hSpt5 interacts directly with nascent RNA as it
appears from the RNAPII exit site and recruits negative elongation factor (NELF) (Figure 3)
[212–214]. Escape of transcripts from the promoter proximal pause site is prevented by NELF,
which induces termination of transcription over several hundred bases [215]. Moreover, the
binding sequence of NELF subunit E recognizes a homologous sequence on TAR, increasing
association of NELF with the LTR, which results in transcription silencing. Indeed, experi‐
ments where NELF is knocked down show higher basal HIV transcription and reactivation
from latency [216–218].

A novel, RNA interference independent, mechanism mediated by microprocessor and
termination factors causes transcriptional silencing and chromatin remodeling at the HIV-1
promoter [219]. Microprocessor binds to TAR, which is then cleaved by Drosha into two RNAs,
a 5′-end and 3′-end product. The 5′ is further processed in an Rrp6-dependent manner into a
transcription repressing RNA species. The 3′ RNA recruits termination factor Xrn2 and Setx,
which induces RNAPII pausing and premature termination of transcription [219].

Figure 3. Molecular mechanisms in latent and productive HIV-1 infection

4.10. Host factors induce transcriptional initiation, but not elongation

While some host transcription factors recruit RNAPII, in the absence of Tat, transcription
elongation does not occur resulting in the generation of short abortive transcripts by promoter
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proximal pausing [220,221]. These ~60nt transcripts include TAR, which has a stem-loop
structure and binds near the HIV 5′LTR, inhibiting RNA-polymerase. TAR directly binds Tat,
which recruits transcriptional elongation complex to the LTR [222].

4.11. Tat-dependent transcription leads to productive infection

If cells become activated or due to leaky transcription, Tat can be produced. Tat binding to P-
TEFb induces significant conformational changes in P-TEFb, allowing Tat and CycT1 to
cooperatively recognize and stably bind TAR [200,223].

Tat-P-TEFb phosphorylates NELF-E resulting in the dissociation of NELF from TAR and the
paused RNAPII complex [214,216,218,224]. CDK9 phosphorylates RNAPII at the carboxyl
terminal domain (CTD) at Ser2 and Ser5 residues of the 52 heptad repeats, which regulates
progression to the elongation phase of transcription [225–227]. The phosphorylation status
determines regular and alternative RNA splicing and the 3′ end recruitment of polyadenyla‐
tion factors [228,229]. Ser2 phosphorylation of the RNAPII CTD recruits splicing-associated c-
Ski-interacting protein, SKIP, and stimulates elongation transcription and alternative splicing
of the Tat-specific splice site through interactions with U5snRNP proteins and tri-snRNP110K
[230].

Phosphorylation of hSpt5, a subunit of DSIF, by CDK9 converts it into a positive elongation
factor that prevents nascent RNA from breaking of from the transcription complex prema‐
turely and inhibits pausing of RNAPII at arrest sites [231,232]. By removing several blocks Tat-
P-TEFb induces transcriptional elongation as well as co-transcriptional processing. During
active transcription elongation, increased recruitment of RNAPII to TSS maintains a stable
level of RNAPII at the promoter proximal region [218]. Throughout transcription, Tat-P-TEFb
remains associated with the elongating transcription machinery [231,233,234].

4.12. P-TEFb can be recruited in active and inactive form in the nucleus by Tat

In activated T-cells, inactive P-TEFb predominantly resides in the 7SK small nuclear ribonu‐
cleoprotein (snRNP) complex (Figure 3) [235–237]. The 7SK snRNP complex consists of 7SK
snRNA, HEXIM1 (or its homolog HEXIM2), the La-related protein 7 (LARP7), and the 7SK-
specific 5′ methylphosphate capping enzyme (MePCE). The snRNA functions as a scaffold: it
binds two units of P-TEFb and one HEXIM1/2 homo-/heterodimers [238,239]. MePCE and
LARP7 protect the 7SK RNA from nuclease degradation, MePCE binds the 5′ end, LARP7 the
polyuridine 3′ end [240–242]. Tat disrupts the interaction between pTEFb and HEXIM1/7SK
snRNA and recruits P-TEFb to 5′ LTR, resulting in active transcription [226].

BRD4 can also recruit P-TEFb from 7SK snRNP [241,243], to promote transcription. Due to
similarities in their C-terminal P-TEFb interacting domains [244], Tat and BRD4 compete for
P-TEFb [245,246]. In a latent model, knockdown of BRD4 results in Tat-dependent reactivation
of HIV-1 [247].

Bromodomain and extra-terminal domain family of proteins (BET) play an important role in
repression of the HIV-1 transcription. BET proteins are responsible for the recruitment of P-
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TEFb to transcribed genes [246,248]. BRD4 competes with viral protein Tat for binding site on
pTEFb, and it represses HIV-1 transcription [245,246]. Knockdown of BRD2 indicates this
protein contributes to the maintenance of latency. These results are consistent with the notion
that BRD2 is binding to remodeling factors such as HDACs [249,250].

P-TEFb can be recruited to transcription complexes by other factors. CTIP2 recruits P-TEFb by
binding HEXIM1 and negatively regulates the complex by repressing the CDK9 kinase activity
of P-TEFb [251]. Phosphorylation of HEXIM1 at Tyr271 and Tyr 274 decreases retention of P-
TEFb in the 7SK RNP [252]. Additionally, through the binding of nascent RNA, SRSF2 and P-
TEFb are released from the 7SK complex and induce transcription elongation in a manner
similar to TAR/Tat-mediated recruitment of P-TEFb [253].

4.13. P-TEFb is a subunit of the super elongation complex

P-TEFb is required for activation of HIV transcription but does not explain the maximum
observed viral expression; therefore, additional factors are necessary [254,255]. P-TEFb is an
integral part of the super elongation complex (SEC) (Figure 3), which is a potent activator of
transcriptional elongation of host genes [234,256]. It is composed of one of two scaffold
proteins, AF4/FMR2 proteins AFF1 or AFF4. Translocations of AFF1 and AFF4 resulting in
fusion proteins are commonly found in mixed lineage leukemia (MLL) [257–259]. The resultant
fusion proteins cause aberrant recruitment of SEC to MML-specific genes [260]. AFF1 and AFF4
recruit many other proteins to the SEC [261], such as ELL family of elongation stimulatory
factors ELL1 and ELL2, which inhibit RNAPII pausing and synergistically improve Tat-
transactivation with P-TEFb [256]. Moreover, knockdown of ELL2 strongly suppresses viral
expression. [203,210,230,252]. Tat and AFF4 inhibit the polyubiquitination-mediated degra‐
dation of ELL2, increasing available levels of SEC. [256,262].

4.14. Tat can be extensively post-translationally modified – “Tat code”

Modifications on numerous amino residues of Tat regulate the interaction with a wide variety
of host proteins. In comparison to the histone code which is used to explain the multiple
modification on histone tails and their function, a “Tat-code” has been proposed [34]. Tat is
phosphorylated on Ser16 and Ser 46 by CDK2, modifications which result in transcription
inhibition [263]. Acetylation of Lys28 increases affinity for P-TEFb binding and is removed by
HDAC6 [264–266]. Tat dissociates from TAR and binds acetyltransferase PCAF which
acetylates Tat at Lys50 and Lys51 [264,265,267–270]. Acetylated Lys50 allows recruitment of
the PBAF (SWI/SNF B) chromatin remodeling complex to the LTR [267,271–273]. SIRT1
deacetylates Tat at Lys50 as part of a late phase of transcriptional regulation, striping Tat of
acetyl groups allowing its reuse in subsequent rounds of transcriptional cycles [274]. Mono‐
methyl-transferase Set7/9 and LSD1, respectively, methylate and demethylate Lys51. Deme‐
thylated Lys51 of Tat enhances HIV-1 transcription [275,276]. Hdm2 polyubiquitinates Lys71,
activating Tat [277].
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4.15. Nucleosome positioning at the 5′ LTR controls viral expression

Regardless of integration position, the latent 5′ LTR typically contains two nucleosomes, Nuc-0
and Nuc-1, at fixed positions [278]. Nuc-1 blocks transcription elongation as it is positioned
just downstream of the TSS. Nuc-1 is displaced upon virus reactivation [278–280]. Nucleo‐
somes can be altered by chromatin remodeling complexes. A third unstable or loosely
positioned nucleosome is located in between nuc-0 and nuc-1 [281] (Figures 2 and 3A).

BCL11B, together with the chromatin remodeling complex NuRD, strongly represses HIV-1
transcription [282]. BCL11B is specifically expressed in T-cells and neurons. Interestingly, the
NuRD complex consists of several proteins with histone deacetylase activities – i.e., HDAC1
and HDAC2 [283,284].

The ATP-dependent chromatin remodeler BAF (SWI/SNF-A) was discovered by our group to
be essential to both the establishment and maintenance of HIV latency (Figure 3). The BAF
complex utilizes energy from ATP to push Nuc-1 from an energetically favorable position
upstream of the TSS to a suboptimal region, downstream of TSS, resulting in a transcriptional
block [281]. siRNA depletion of the BAF complex de-repressed proviral transcription. Fur‐
thermore, in siRNA-mediated BAF knockdown, latency establishment occurred less frequent‐
ly than in the presence of the functional complex. The PIC through LEDGF interacts with INI-1
a subunit of BAF, allowing nucleosomes to be deposited at the provirus, contributing to latency
establishment [118].

4.16. Epigenetic modifications regulate latency

Epigenetic modifications of nucleosomes such as histone-acetylation and -methylation and of
DNA such as DNA-methylation play an important role in regulating the proviral transcription.
Nucleosomes are the basic units of organization of chromatin and consist of a combination of
histone subunits. Histones have an amino acids tail that can be extensively modified. Two
broadly studied modifications that regulate expression effects are histone-acetylation and
histone-methylation

Histone-acetylation by histone acetyl transferases (HATs) induces chromatin loosening, while
histone deacetylases (HDACs) reverse the effect by removing the acetyl group (Figure 3). HATs
such as p300/CREB-binding protein (p300/CBP) and p300/CBP-associated factor (P/CAF) can
be recruited to activate the HIV LTR [158,285]. HDAC1, HDAC2, HDAC3, and HDAC6 repress
HIV [286–289]. Numerous host factors recruit HDACs to the LTR. A negative regulator of P-
TEFb, CTIP2 in cooperation with COUP-TF and Sp1 also recruits HDAC1 and HDAC2 to the
HIV LTR in microglial cells [290,291]. Host factors LSF and YY1 co-operatively bind to the LTR,
where YY1 recruits HDAC1 to deacetylate Nuc-1[207]. CBF-1 and c-Myc also repress HIV
through the recruitment of HDAC1 [208–210].

Methylation of histones by histone methyltransferases (HMT) can act as an activating or
repressing mark depending on the histone tail residue modified (e.g., methylation of lysine 4
on histone 3 (H3K4) is activating whereas H3K9, H3K27, and H4K20 methylation is repressive).
HMTs modify specific histone residues, e.g., EZH2 (H3K27me3), SUV39H1 (H3K9me3), G9a
(H3K9me2), and G9a like protein, GLP (H3K9me2). The repressive methyl groups deposited
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by these HMTs contribute to the maintenance of latency [292–295]. Moreover, EZH2 is
suspected to recruit additional repressive proteins such as HDACs and other HMTs [294].

DNA methylation at CpG dinucleotides represses transcription by disrupting the binding of
transcription activators to their binding sites or indirectly through the binding methyl-CpG
binding proteins (MeCPs). In cell line models of latency, the HIV-1 LTR contains two CpG
islands that are hypermethylated (Figure 3) [296]. Methyl-CpG binding domain protein 2
(MDB2) and HDAC-2 bind to the second CpG island on the HIV LTR and are displaced from
there when cells are treated with cytosine-methylation inihibitor 5-aza-2′deoxycytidine [296].
In memory CD4+ T-cells from long-term aviremic and viremic patients, an increase in HIV
LTR DNA methylation was observed in the aviremic patients [297]. The methylation of the
HIV LTR in long-term non-progressors and elite controllers is increased compared to the LTR
of aviremic patients on cART [298]. In contrast, this difference was not found in the first CpG
island of resting memory CD4+ T-cells from aviremic patients, indicating that the mechanism
by which DNA-methylation regulates latency deserves further exploration.

4.17. Viral and host non-coding RNAs regulate viral expression

Non-coding RNAs exert post transcriptional control on gene expression. Small non-coding
RNAs (<200 nt) and in particular microRNAs (miRNAs) are well established to have regulatory
function. The study of long non-coding RNAs (lncRNA, >200 nt) is an emerging field because
of their epigenetic regulatory potential. Both viral and host miRNAs and lncRNAs affect
replication of HIV-1 [146,299–301].

RNA interference (RNAi) is a post-transcriptional gene silencing mechanism. miRNAs post-
transcriptionally suppress or silence gene expression as part of the RNA-induced silencing
complex (RISC) forming a protein–RNA complex. Pri-miRNAs are generated by RNAPII and
are subsequently processed by microprocessor into pre-miRNAs in the nucleus. Following
export to the cytoplasm, they are cleaved by Dicer and incorporated into RISC. RISC generally
binds in the 3′-untranslated region (3’UTR) of a target mRNA. The bound transcript is
degraded or transcription is impeded depending on the level of homology, resulting in
translational repression. The RNAi affects the infectivity of monocytes and macrophages [302].
Comparisons of productively infected, suppressed, and uninfected patients found difference
in miRNA profiles, but it is very unlikely that the observed effects are due to viral activity
because the number of infected cells is low in elite controllers or under cART [303–305].
Knockdown of Dicer or Drosha, a component of microprocessor, stimulates HIV-1 replication,
indicating that miRNA generally are responsible for suppression of proviral transcription
[299,300]. However, phenotypic effects are hard to interpret due to the pleiotropic side effects
of microprocessor depletion. RNAi affects infectivity by targeting transcripts of key host
factors and viral proteins involved in HIV-1 repression. In resting T-cells, the polycistronic
miRNA cluster miR-17/92 is suppressed by HIV, resulting in PCAF upregulation [299].
Additionally, CycT1 is negatively regulated by miR27b [306]. Moreover, during differentiation
from monocytes to macrophages, expression of miRNA198 and miR27b decreases relieving
suppression of CycT1 [307,308]. In infected cells Tat, and possibly Vpr, inhibit RNAi [309–
311]. In resting, but not activated, CD4+ T-cells a cluster of five miRNAs (miR-28, miR-125b,
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miR-150, miR-223, and miR-382) were found to be upregulated. They all target viral mRNAs
for degradation; therefore, these miRNAs are contributing to latency maintenance [312].
However, further studies are required as results thus far are inconsistent [313–319].

The viral protein Nef is targeted by miR29a which interferes with HIV replication [300,320].
TRIM32 activates HIV-1 expression through the NF-kB pathway and is downregulated by
miRNA-155 [321]. Tat-induced upregulation of miR34a and miR217 inhibits SIRT1 expression,
which in turn results in high abundance of NF-kB, enhancing proviral transcription [322,323].
miRNA-182 has a positive effect on LTR activation by Tat [324]. miR-1236 restricts viral
replication by repressing Vpr (HIV-1)-binding protein expression, VprBP [325].

HIV-1-derived miRNAs (vmiRNAs) were predicted in silico [326]. Applying deep sequenc‐
ing technologies vmiRNAs were observed in cell line model systems of latency [327,328]. The
TAR-derived  miRNA-TAR5p  and  miR-TAR3p  are  asymmetrically  processed  and  both
repress LTR activity [329]. The Nef-derived miR-N367 inhibits viral promotor activity [330].
Nevertheless, relevance of vmiRNAs is debatable as no vmiRNAs were detected in PBMCs
or macrophages of infected patients [331].

lncRNAs can modulate gene expression through different proposed mechanisms: (1) affecting
mRNAs through sequence recognition, (2) recruiting proteins to DNA, (3) blocking host factors
by assuming a secondary structure, (4) functioning as a scaffold for protein complexes. An
anti-sense lncRNA of HIV-1 inhibits viral replication[146]. The non-coding repressor of NFAT
(NRON) inhibits LTR activity in a NFAT-dependent manner [301].

4.18. Stochastic gene expression

The current model of HIV latency proposes that resting memory CD4+ T-cells are deprived of
host factors that are necessary for viral expression. An alternative model proposes that
expression is highly stochastic. Due to fluctuations in chromatin state and availability of the
transcription factors, the latent and productive state co-exist [332]. In support, clonal lines
(containing the same integration) showed binominal distributions of viral expression [333].
Transcriptional bursts of 2–10 mRNA transcripts were estimated to be the source of HIV-1
gene expression [334]. Tat-controlled positive feedback extends the expression reactivation
[335]. The sensitivity to reactivation is also stochastic, as cells derived from patients remained
latent during a first round of activation and were reactivatable in the next round of activation
[83]. Moreover, molecules that increase gene expression fluctuations synergistically enhance
HIV-1 reactivation [336].

5. HIV cure

Mechanistic insight into the complex nature of latent HIV-1 infection provides a rationale for
eradication strategies. Therefore, identification of molecules that inhibit activity of repressors
or potentiate HIV-1 activators alongside with immune system boosting are important objec‐
tives in eradication strategies.
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5.1. Shocking the virus: screening for Latency Reversal Agents (LRAs)

The initial step of LRA discovery is screening drug libraries with cell-line-based models.
Positive hits are evaluated further using primary-cell-based models as they better recapitulate
the nature of latent reservoirs. If effective and not toxic, putative LRAs should undergo
reactivation studies using primary cells derived from HIV-1-positive individuals that are on
cART as well as toxicology studies in animal models, in case of novel molecules. It is advan‐
tageous to include molecules that are already approved drugs in such putative LRAs libraries,
employing them into clinical practice would be time and resources effective. Moreover, in
order to easily diffuse through cell membranes, ideal LRAs are small molecules, with molec‐
ular weight below 900 daltons, although clinical practice shows that most effective compounds
do not exceed 500 daltons [337,338].

The first attempts to reactivate proviral DNA failed, due to the use of agents (e.g., IL-2 or a
monoclonal antibody against CD3 receptor) which resulted in global T-cell activation. Indeed,
viral p24 and plasma HIV-1 RNA levels increased, but the toxicity of such treatment left this
approach useless [339–341]. Therefore, there is a need for more specific agents, which are able
to reactivate proviral transcription without T-cell activation.

5.2. HDAC inhibitors (HDACis)

Histone deacetylase inhibitors (HDACis) are a very promising class of LRAs which include
valporic acid (VPA), Vorinostat (SAHA), Romidepsin, Panobinostat, Givinostat, Droxinostat,
or Entinostat. Some (Vorinostat (SAHA), Romidepsin, Panobinostat) are undergoing clinical
trials [94,342–344].

The focus on HDACis is due to their ability to loosen up the compact chromatin structure at
the latent proviral promoter. Inhibition of HDACs results in an increase of histone acetylation
level by HATs. HDACs 1, 2, and 3 are of particular interest as they considerably contribute to
HIV-1 repression [287]. Fortunately, HDACis are already used in clinical therapies, e.g., VPA
is used in epilepsy and bipolar disorders, Vorinostat and Romidepsin are used to treat
cutaneous T-cell lymphoma (CTCL) while Panabinostat is used in patients with multiple
myeloma. In a very promising study by Archin et al., a single treatment with Vorinostat
resulted in an increase in proviral RNA [345]. Unfortunately, the follow-up study with
additional, multiple-dose rounds of treatment showed that increase on HIV-1 transcription is
neither sustained nor elevated [346]. It is possible that other mechanisms maintaining latency
compensate histone acetylation, in order to restrain proviral transcription. Alternatively such
low concentrations of Vorinostat result in activation of pTEF-b instead of HDAC inhibition
[347]. Since HDACs are involved in general regulation of gene expression; they have pleio‐
tropic effects causing toxicities. Therefore, their use must be strictly controlled and monitored
in order to provide maximal safety [348]. Nevertheless, HDACis are still under much interest.
Especially, finding more specific HDAC inhibitors is very appealing, as current drugs are
inhibiting a wide range of different HDACs, contributing to high toxicity [349].
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5.3. BET inhibitors (BETi’s)

Since BET proteins repress the HIV-1 promoter, it is worth to use their inhibitors in latency
reversal strategies. Treatment with BET protein inhibitor JQ1 reactivates HIV-1 transcription
in Tat-independent fashion [247]. Furthermore, BET inhibitor activity was positively tested in
more relevant primary model system of latency [249]. Unfortunately, JQ-1 is not clinically
available, due to its short half-life.

5.4. HMT inhibitors (HMTis)

Several histone methyltransferases (HMTs) such as EZH2, SUV39H1, and G9a interact with 5′
LTR contributing to maintenance of latency by deposition of repressive methyl groups on
nucleosomal proteins [292–295]. Moreover, EZH2 recruits additional repressive proteins such
as HDACs and other HMTs [294]. Several inhibitors of these proteins were tested in cell lines
or primary cells from HIV-1 positive patients. Among which, Chaetocin (SUV39H1 inhibitor)
and BIX-01294 (G9a inhibitor) were most potent [292,350]. However, high toxicity, due to
pleiotropic effects, makes them unsuitable for clinical practice. Therefore, identification of
novel compounds that are able to inhibit the activity of HMTs is needed.

5.5. DNMT inhibitors (DNMTis)

Inhibition of DNA methyltransferases (DNMTs) with 5-aza-2′ deoxycytidine (aza-CdR or
Decitabine) leads to modest reactivation of latent HIV-1. This activity can be further enhanced
with PKC agonists [351]. However, 5′ LTR methylation in patients material remains contro‐
versial [352]. Thus, further investigation of provirus methylation in vivo is needed.

5.6. Toll-like receptors (TLRs) stimulation

TLRs recently gained more attention, as theirs agonists are strong reactivators of HIV-1 [353–
357]. The main role of these receptors is to activate an immune response against bacterial or
viral infections [358]. Stimulating TLRs (as adjuvants in immunization) as well as opportunistic
bacterial infections elevate plasma HIV-RNA and improve immune function [359–363].

Vaccine adjuvant – CPG 7909 (TLR 9 agonist) is able to decrease plasma HIV-1 RNA via
activation of HIV-specific CD8+ T-cells in peripheral blood [359]. More recently, in SIV-positive
rhesus monkeys undergoing cART were treated with GS-9620, a TLR7 agonist, reversible CD8
cytotoxic T-cells activation alongside with modest CD4 T-cell activation were observed.
Moreover, elevated plasma viremia was observed as well as decrease in HIV-1 DNA in blood,
colon, and lymph nodes. Interestingly, viral load returned back to undetectable levels when
GS-9620 was no longer administrated. More strikingly, when cART was stopped, GS-9620-
treated monkeys had 0.5 log lower viral set-point than untreated, infected animals. Addition‐
ally, in cells isolated from HIV-positive individuals transcription of HIV-1 was observed.
However, some variability between samples was noticed. Clinical trials with the use of this
compound are planned [364,365].
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5.7. Super elongation complex stimulation

Treatment of cell lines and cells isolated from aviremic patients on cART with hexamethylene
bisacetamide (HMBA), an anticancer drug that transiently activates PI3K/Akt pathway, results
in phosphorylation of HEXIM1. P-TEFb is subsequently released and interacts with RNAP II,
resulting in latency reversal [366–368]. Moreover, HMBA provides CDK9 recruitment to the
viral promoter by interaction with SP1, which enhances transcription from proviral DNA.
Furthermore, Klichko et al. showed that treatment with HMBA resulted in a decrease of CD4
receptor expression without affecting transcription of CCR5 and CXCR4 co-receptors [369].
Moreover, HMBA does not trigger activation of T-cells. Studies on P-TEFb’s role in HIV-1
latency indicate that this heterocomplex might be an interesting target for inclusion in “shock
and kill” therapies.

5.8. PKC pathway activation

Another interesting approach is the use of molecules that are able to selectively activate the
protein kinase C (PKC) pathway. PKC pathway agonists trigger nuclear localization of NF-kB,
NFAT, and AP-1 transcription factors. Therefore, PKC agonists are one of the most potent
activators of HIV-1 transcription. Currently, two PKC agonists are being scrutinized clinically:
prostratin and bryostatin, due to their safety and specificity toward HIV-1 reactivation. The
latter is a clinically available drug [370]. Moreover, these two compounds prevent de novo
infections, as they downregulate viral receptor and co-receptors CD4, CCR5 and CXCR4 in
PBMCs [371]. A rather controversial molecule that reactivates HIV-1 transcription via NF-κB
pathway is arsenic trioxide (As2O3). In the Jurkat model system of latency, As2O3 activates NF-
κB leading to HIV-1 replication. Moreover, it synergizes with prostratin, tumor necrosis factor
alpha (TNFα), and VPA [372]. Interestingly, arsenic is already used in clinical practice to treat
acute promyelocytic leukemia (APL). Therefore, it would be interesting to test this compound
in more relevant models of HIV-1 latency such as primary cells infected ex vivo and in cells
derived from aviremic patients.

The use of PKC agonists raises concerns about their safety in a clinical setting. The protein
kinase enzyme family consists of several isoenzymes that play important roles in signal
transduction cascades [373]. As activation of latent HIV-1 is mediated via PKCα and PKCθ,
the identification of more specific agonists of PKCα and PKCθ is needed. Alternatively,
lowering the concentration of a specific agonists might decrease toxicity and contribute to
latency reversal [374].

5.9. JNK/MAPK pathway activation

Studies employing mutagenesis of binding sites for activator protein-1 (AP-1) within the
proviral genome showed that the AP-1 transcription factor is a crucial activator of proviral
transcription, as proviruses with altered AP-1 binding sites were less prone to reactivation
even if treated with a strong activator such as phorbol 12-myristate 13-acetate – PMA [191].
Furthermore, the latent pool of cells infected by virus with deletion in AP-1 sites was bigger,
implicating that AP-1 is necessary for provirus transcription [192]. Heterodimeric protein AP-1
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is formed upon phosphorylation of c-Jun N-terminal kinase (JNK) in JNK/MAPK pathway
[193]. It is well established that activation of TLR signaling induces nuclear localization of NF-
kB and AP-1 mediated via JNK pathway [194,196,376,377].

Virtual screening followed by validation of positive hits in cell line model systems for HIV-1
latency discovered 8-methoxy-6-methylquinolin-4-ol (MMQO) as a specific activator of the
JNK-AP-1 pathway, which is able to reactivate HIV-1 from its latent state. Interestingly,
MMQO inhibits IL-2 and TNFa expression, contributing to maintenance of resting state of
CD4+ T-cells [378]. The recently synthetized panel of inhibitors of farnesyl transferase (FTase)
are able to moderately reactivate HIV-1 transcription via JNK pathway. Interestingly, strong
synergy with other LRAs, such as Vorinostat or TNF-a, was observed for these molecules in
latency reversal [379,380].

5.10. Canonical Wnt signaling pathway activation

Recently, our group showed that treatment with Wnt3A/Rsp (natural stimulators of Wnt
pathway) and lithium (inhibitor of Wnt repressor protein GSK3) leads to latency reversal in
latent cell lines and enhances the latency reversal potential of HDAC inhibitors in CD4+ T
primary cells obtained from patient volunteers when co-treated [381]. This observation shows
a functional role for three LEF1 binding sites in the 5′ LTR contains, which are downstream
targets of the classical Wnt pathway [381,382]. It would be very interesting to find more potent
and selective inducers of Wnt pathway, as lithium exhibits many pleiotropic, toxic effects
[383,384].

5.11. Chromatin loosening

It was discovered by our group that a main player in the establishment and maintenance of
latency is the BAF complex (SWI/SNF-A), which belongs to ATP-dependent chromatin
remodelers’ family. Interestingly, Dykhuizen et al. [378] screened a library of compounds that
would be able to mimic BRG-1 knock out. In their study, they found 20 compounds that were
transcriptionally mimicking BAF complex disruption. We showed that several of those
molecules were able to decrease the frequency of latency establishment and reactivate HIV-1
in cell line and primary cells models of latency [386, in press]. Moreover, they synergize with
other LRAs – SAHA and prostratin. Two most potent inhibitors – caffeic acid phenethyl ester
(CAPE) and pyrimethamine (PYR) did not activate T-cells derived from healthy donors and
cells obtained from aviremic patients. Moreover, PYR is a registered drug used in malaria
treatment. Therefore, these inhibitors are promising molecules to include in eradication
strategies.

5.12. Multifunctional LRAs

In vitro treatment with cocaine leads to increase in HIV- replication in PBMCs as well as
increased viral load in mouse models of HIV infection [387–389]. Interestingly, in ex vivo
infected primary CD4+ cocaine treatment resulted in downregulation of miR125-b expression,
which led to enhanced replication of HIV-1 [314]. In primary human macrophages and myeloid
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cell systems of latency, cocaine increased replication of HIV-1. Cocaine treatment activates NF-
κB and leads to phosphorylation of mitogen- and stress-activated kinase 1 (MSK1). Further‐
more, pMSK1 phosphorylates RELA (p65), a subunit of NF-κB promoting the interaction of
NF-κB with p300 and recruitment of P-TEFb to the proviral 5′ LTR [390]. Moreover, treatment
with cocaine results in histone H3 phosphorylation, thus increasing accessibility of HIV-1
promoter for transcription factors [390]. Therefore, cocaine not only reverses latency via NF-
κB pathway but also causes epigenetic changes on 5′ LTR as well as blocks repressive miRNA.

Oral bacteria secrete short-chain fatty acids (SCFAs) including butyric acid, propionic acid,
isovaleric acid, and isobutyric acid that are capable of HIV-1 and herpesviruses latency reversal
[384,385]. Some of these molecules are known HDACis (e.g. Butyric acid) [393]. Moreover,
SCFAs not only promotes histone acetylation, but also inhibit repressive histone formation
and DNA methylation. Furthermore, they activate P-TEFb resulting in increased elongation
of transcription from 5’ LTR. [345,385,386].

5.13. Immune clearance of reactivated cells – “Kill”

The majority of chronic patients are facing immune exhaustion, characterized by low cytokine
secretion, smaller proliferative capacity, and low cytopathic potential of CD8+ T-cells [394,395].
Therefore, the first line of action would be reviving normal immune activity. Indeed, inhibition
of programmed cell death protein 1 (PD-1) leads to restoration of immune functions in mouse
models of HIV-1 infection [396]. However, these results were obtained in viremic animals.
Nevertheless, an IgG4 antibody targeting PD-1 receptor is undergoing clinical trials to assess
safety, immunotherapeutic activity, and the ability of treatment to reduce pool of latently
infected cells [397].

In so-called “elite controllers”, CD8+ T-cells effectively restrain infection without intervention
of cART, by killing CD4+ T-cells that are actively producing HIV-1 particles [398,399]. The
immune system can be boosted by specific amplification of HIV-1-specific CD8+ T-cells. These
observations again aroused the idea of developing a vaccine. Indeed, rhesus monkeys
vaccinated with CMV vectors resulted in broad cellular immune response to SIV [400–402].
However, safety issues related to the use of such vectors remain to be elucidated. Another
platform being investigated to increase immune response against HIV-1 are Ad26 vectors, as
it was shown that vaccinated rhesus monkeys were protected against infection with SIV as
well as viral loads were lowered after vaccination [403,404].

A very interesting group of immunoglobulins to include in eradication strategies are broadly
neutralizing monoclonal antibodies (mAbs or bNAbs) isolated from chronically infected
patients. New generations of bNAbs exert higher potency and wider range of activity against
many HIV-1 subtypes. It was shown that a combination of bNAbs is potent enough to
transiently suppress viremia in rhesus monkeys as well as to reduce the amount of HIV-1 DNA
in the blood, lymph nodes, and gastrointestinal mucosa [403,405,406].
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6. Future perspectives and challenges

A reservoir of latent HIV is the main obstacle in finding a functional and sterilizing cure.
Several challenges need to be addressed in order to overcome this obstacle. Defining the latent
reservoir is impeded by the rare occurrence of a latent infection in a high background of
defective proviral integration. Although HIV prefers integration in or near transcriptionally
active genes which leaves ample room for variation in chromatin environment and available
host transcription factors. This puts considerable demands on LRAs. LRAs should be effective,
yet specific, without being toxic. As LRAs act via pathways involved in distinct cellular
processes, pleiotropic effects are to be expected. Furthermore, recent studies on material
obtained from HIV-1-positive suppressed patients revealed that currently available LRAs are
not strong enough to reactivate the whole pool of latent proviruses, even after multiple rounds
of stimulation. One of the concerns arising from “shock and kill” therapy is whether putative
LRAs are strong enough to drive virus production to a level at which the immune system will
be able to recognize and destroy HIV-1-producing cells. Indeed, trials aiming at testing HDAC
inhibitors are inconsistent in showing depletion of latently infected cells while showing
increased proviral transcription [407–412]. A complementary strategy would be to use multiple
LRAs in combination to broadly and potentially synergistically reactivate the diversely
integrated latent proviruses. Synergism between LRAs was already identified, e.g., Vorinostat
and Prostratin [84]. Therefore, the quest for identification and characterization of novel
compounds which are able to reactivate HIV-1 transcription as well as identifying combina‐
tions of drugs that can synergize to reverse latency is needed. Currently, no cell model is able
to recapitulate the complexities of latency in vivo. A better system that more closely resembles
the in vivo situation would greatly aid the understanding of molecular mechanisms underlying
latency and the screening of new LRA. Moreover, as HIV-1 persists in a silent state, it contrib‐
utes to a low level of inflammation, which over time leads to immune exhaustion. Furthermore,
depletion of cells harboring latent provirus requires antigen-specific CTLs stimulation [399].
Most likely successful eradication therapies will be based on the combination of LRAs coupled
with boosting HIV-1-specific immune response. A “shock and kill” approach in combination
with immune therapies provides hope for reversing HIV-1 infection.
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HIV cure is impeded by the persistence of a strenuous reservoir

of latent but replication competent infected cells, which remain

unsusceptible to c-ART and unrecognized by the immune

system for elimination. Ongoing progress in understanding the

molecular mechanisms that control HIV transcription and

latency has led to the development of strategies to either

permanently inactivate the latent HIV infected reservoir of cells

or to stimulate the virus to emerge out of latency, coupled to

either induction of death in the infected reactivated cell or its

clearance by the immune system. This review focuses on the

currently explored and non-exclusive pharmacological

strategies and their molecular targets that 1. stimulate reversal

of HIV latency in infected cells by targeting distinct steps in the

HIV-1 gene expression cycle, 2. exploit mechanisms that

promote cell death and apoptosis to render the infected cell

harboring reactivated virus more susceptible to death and/or

elimination by the immune system, and 3. permanently

inactivate any remaining latently infected cells such that c-ART

can be safely discontinued.
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Introduction
Millions worldwide are infected with HIV and depend on

daily antiretrovirals for survival. Combination antiretroviral

therapy (cART) suppresses HIV replication and halts dis-

ease progression. However, a small reservoir of replication-

competent virus lingers in long-lived resting memory CD4

+T cells, which, because the virus is in a latent state, are not

targeted by cART [1]. Persistence of these cells leads to
www.sciencedirect.com 
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inevitable rebound of viral replication once cART is inter-

rupted and constitutes a roadblock to cure. Viable HIV cure

dictates either elimination of the latent reservoir or its

permanent containment such that cART can be safely

discontinued. Ongoing progress in molecular understand-

ing of HIV latency has led to development of pharmaco-

logical strategies that target the latent HIV infected cell

reservoir (Figure 1). While ‘block and lock’ [2�] relies on

permanent suppression of latent virus, other approaches

aim to reverse HIV-1 latency in infected cells via latency

reversal agents (LRAs) [3] such that either cell death is

induced, or HIV infected cells are ‘seen’ and eliminated by

an immune response. This review focuses on the arsenal of

pharmacological agents and mechanisms they exploit to

target the reservoir for latency reversal, permanent inacti-

vation, and/or cell death. Other important strategies not

discussed include the breadth of interventions to boost

HIV-specific immunity for viral elimination [4–7].

Pipeline of latency reversal agents (LRAs)
Following integration, transcription at the proviral pro-

moter or 50 long terminal repeat (50LTR) is controlled by

the host transcription machinery and influenced by sur-

rounding chromatin landscape [8]. Regardless of genomic

position,50LTRlatent structure isdefined by Nucleosome-

0 (Nuc0) connected by a stretch of accessible DNA (HSS1)

to the strictly positioned repressive Nuc1 downstream of

the transcription start site (TSS), which is remodeled upon

activation (Figure 2a) [8,12,15]. HIV-1 transcription is

initiated by engagement of inducible sequence-specific

transcription factors (TFs) and associated cofactors at the

50LTR, controlling accessibility to RNA Polymerase II (Pol

II) and permissiveness to transcription (Figure 2). Under

basal conditions transcription is initiated but Pol II pauses,

producing short transcripts [9,12,15]. The HIV transacti-

vator Tat, a major determinant of reactivation from latency,

when expressed, recruits the positive transcription elonga-

tion factor (PTEFb) to the nascent TAR RNA, releases Pol

II pausing, activating transcription elongation [8,12,15].

HIV-1 expression is also restricted post-transcriptionally

via previously underappreciated mechanisms that can also

be explored pharmacologically to modulate latency [10,11].

De-repressors: pharmacological interventions that

counter repressive chromatin

Targeting PTMs

A broad category of LRAs affect post-translational mod-

ifications (PTMs) of N-terminal histone tails, modulating
Current Opinion in Virology 2019, 38:37–53

mailto:t.mahmoudi@erasmusmc.nl
https://doi.org/10.1016/j.coviro.2019.06.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coviro.2019.06.001&domain=pdf
http://www.sciencedirect.com/science/journal/18796257


Engineering for viral resistance

Figure 1

(a) (c)

(b)

(d)

(d)

(e)

“shock”
LRAs

“Block
and lock”

induce
death

promote
immune

clearance

Dual Affinity
Re-targeting
Proteins
(DARTs)

Bi-,Tri-
specific
engagers

Checkpoint
blockade

PD1

PD1

CTLA4

Current Opinion in Virology

Pharmacological strategies to target the latent HIV-1 reservoir. (a) The inducible fraction of the HIV-1 latent reservoir is ‘shocked’ with LRAs to

induce expression of the provirus. (b) Cells expressing viral particles die due to the associated cytotoxicity and via pharmacological interventions

that sensitize HIV reactivated cells toward cell death. (c) Reactivated cells are also recognized and killed by the immune system which can be

strengthened and boosted via a number of strategies including small molecule checkpoint inhibitors that enhance T cell function, bi/tri-specific T

cell engagers (BI/TRIES) and dual-affinity re-targeting proteins (DARTs). (d) In case of inefficient activation and insufficient clearance of latently

infected cells, a deeper state of latency is pharmacologically promoted in the remaining fraction of the reservoir (‘block and lock’). (e) Efficient

‘block and lock’ strategies, capable of driving the whole reservoir into a deep latency state, could also, in principle, be used alone without the

need of additional interventions.
the strength of DNA-nucleosomal core interaction and

can serve as marks for recruitment of protein complexes

that regulate chromatin structure [12,13]. The best-char-

acterized modification, histone acetylation is deposited

by histone acetyltransferases (HATs) and removed by

histone deacetylases (HDACs), which are associated with

the latent HIV-1 promoter and can be targeted with

HDAC inhibitors (HDACis) for derepression [13]. The

repressed HIV-1 promoter is also characterized by

latency-associated H3K27me3, deposited by polycomb

group repressive complex 2 (PRC2) histone methyltrans-

ferase (HMT) EZH2, and serves as a mark to recruit other

repressors including HDACs, PRC1 and DNA methyl-

transferases (DNMTs) [14–16]. As well, heterochromatin

associated HMTs G9a and Suv39H1-deposited H3K9di/

tri-methyl marks [14–16] occupy the latent LTR. A

previously underappreciated modification, H4K3 Croto-

nylation, found to be associated with latency reversal, can

be enhanced by sodium crotonate as substrate [17].

HDACis Romidepsin, Panobinostat, Vorinostat, and Val-

proic acid have been extensively studied for their latency

reversal potential [18–21]. The metabolite acetate, highly

concentrated in the gut and blood, inhibits HDAC

activity and boosted HIV replication [22]. Clinical trials
Current Opinion in Virology 2019, 38:37–53
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and in vitro data have confirmed their sufficient clinical

tolerance and effectiveness as LRAs that mechanisti-

cally enhance transcriptional noise and synergize with

signal-dependent HIV-1 activation [23,8], inducing

viral RNA and protein [24]. But clinically, no significant

reservoir depletion with HDACis has been observed

[18–22]. A multitude of HDACis, targeting all or spe-

cific HDAC classes have been developed (Table 1 ).

Class I appear to play a prominent role in latency with

Class I HDACis inducing stronger HIV-1 derepression

[25,26�]. A recent comparison of HDACis pointed to

benzamide moiety and pyridyl cap group molecules,

such as Chidamide to be most active with least associ-

ated cytoxicity [27].

HMTis. The potential of HMTIs as LRAs has more

recently emerged. Inhibition of SUV39H1 with Chae-

tocin, or targeting G9a with the quinazoline BIX-01294

and more recently UNC-0638, a BIX-01294 derivative

with better toxicity profile, reversed latency in CD4+T

cells of suppressed patients [14–16,28�]. H4K20 mono-

methylation, deposited by SMYD2, was linked to HIV-1

latency and its inhibition by AZ391 led to increased cell

associated HIV-1 RNA in c-ART treated patient CD4+T

cells [29]. Wide spectrum EZH2 HMTis including
www.sciencedirect.com
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Figure 2

Distinct steps in control of the HIV-1 LTR transcription cycle represented in the latent and active states, simplified overview. (a) The chromatin

architecture of the HIV-1 promoter consists of three strictly positioned nucleosomes (Nuc-0, Nuc-1 and Nuc-2) separated by nucleosome free

regions. In the repressed state (left panel), the BAF complex is recruited to the LTR tethered by BRD4S and mediates the positioning of the

repressive Nuc-1, downstream of the transcriptional start site (TSS). The latent HIV-1 promoter is also characterized by the presence of repressive

cofactors, including HDACs, HMTs and the NuRD complex. (b) Upon signal-dependent activation, sequence-specific TFs bind their consensus

sites at the HIV-1 50 LTR and mediate the recruitment of RNA Pol II, required for transcription initiation, and HATs, rendering the chromatin more

permissive to transcription. (c) In basal conditions RNA Pol II processivity is restricted by the activity of negative elongation factors NELF and

DSIF which promote the early dissociation of RNA Pol II from the DNA template, and inhibit the production of full length viral RNAs. Additionally,

the availability of P-TEFb is restricted by sequestration within the 7SK snRNP complex and by BRD4-dependent chromatin recruitment.

Productive infection requires sufficient expression of the viral transactivator Tat that dramatically potentiates transcription elongation. Tat binds

TAR, a hairpin loop RNA structure of the nascent transcript, and recruits P-TEFb to the 50 LTR. Within P-TEFb, the kinase activity of CDK9

promotes phosphorylation of NELF, DSIF and the RNA Pol II CTD, hence increasing RNA Pol II processivity. Tat PTMs modulates its association

with cellular cofactors including HATs and PBAF, remodeling chromatin and enhancing transcription.
DZNep reactivated latent HIV in cell lines, although

with substantial toxicity, while recently, specific EZH2

inhibitors EPZ-6438, GSK-343 more effectively

reversed latency in resting CD4+T cells from infected

individuals [14–16,28�].
www.sciencedirect.com 
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DNMTis. HIV 50LTR CpG methylation promotes bind-

ing of methyl–CpG-binding protein (MBD2) and recruit-

ment of the repressive NuRD complex [8]. While the

importance of this mechanism in vivo has been ques-

tioned [8,12,15], sequential treatment with DNMTis and
Current Opinion in Virology 2019, 38:37–53
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HDACis synergized to reactivate HIV-1 in cART treated

patient cells [30].

Targeting chromatin structure

A major determinant of HIV latency, chromatin, is

restructured by the activity of ATP-dependent remode-

lers. The CHD3 containing NuRD remodeller and

related CHD1 repress HIV-1 [8,9]. The INI-1 containing

ATP-dependent BAF remodeller is associated with the

50LTR and represses HIV-1 by actively positioning Nuc-

1 [8]. Interestingly, BRD4S, a short isoform of the bro-

modomain protein BRD4, tethers BAF to the 50LTR,

silencing HIV-1 [31�]. Such enforced chromatin structure

represents a mechanical block for HIV-1 transcription,

subject to pharmacological intervention for reversal

[8,31�,32,33�,34].

BAF inhibitors (BAFis). Small molecule BAFis re-acti-

vated latent HIV-1 in a spectrum of in vitro latency

models and in c-ART suppressed HIV-1 infected patient

CD4+T cells [32]. BAFis CAPE and Pyrimethamine

enhance transcriptional noise [34]. When combined with

PKC agonists showed significantly increased potency

than single treatments, pointing, similar to HDACis, to

their potential in combinatorial LRA approaches.

Recently, a screen of almost 350 000 compounds led to

identification of ARID1A targeting macrolactam scaffold

BAFis, which reversed HIV-1 latency in primary CD4+T

cells with limited cytoxicity, representing promising

LRAs for clinical investigation [33�].

BET inhibitors (BETis), in addition to enhancing HIV-1

transcription elongation (Section ‘Enhancing HIV-1 tran-

scriptional elongation’), act as derepressors of HIV-1

transcription in a Tat independent manner [8]. BETis

inhibited 50LTR-bound BRD2, and BRD4S, inducing

LTR chromatin derepression in a BAF-dependent man-

ner [8,31�]. Small molecule BETis are under develop-

ment with differing potency and specificity to circumvent

clinical limitations of JQ1 (Table 1).

Inducing HIV-1 transcription activation

The 50LTR contains a plethora of consensus sequences for

TFs whose binding leads to HIV-1 50LTR recruitment of

Pol II and basal TFs [8,12,15] (Figure 2b). NF-kB/p65,
arguably the strongest activator of HIV-1 transcription

initiation, and molecular effectors that facilitate its bind-

ing such as those in the protein kinase C (PKC), TLR,

and TNFa signaling pathways, are high potential phar-

macological targets for latency reversal [9,35]. AP-1,

STAT5 and NFAT are also among important HIV-1

transcription activators [8,9,36].

Targeting NFkB

In latent HIV-1 infected resting CD4+T cells, p65 is

sequestered in the cytoplasm while the 50LTR is

repressed by p50 homodimers. Upon canonical NFkB
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activation, p65 translocates to the nucleus, binds 50LTR

as a p65/p50 heterodimer and recruits Pol II, HATs, as

well as PTEFb, leading to initiation and elongation of

HIV transcription [8,9,35]. While an attractive pathway

for LRA-based interventions, NFkB signaling is a master

regulator of immune and other functions and its pharma-

cological modulation exposes risks of serious side effects

[35]. Interestingly, small molecule mimetics of mitochon-

dria-derived activator of caspases (SMAC mimetics) (Sec-

tion ‘Inhibitors of IAPs’), activated non-canonical NF-kB
and binding of RELB/p52 heterodimers to the 50LTR

resulting in latency reversal (Table 1) without causing T

cell activation, pointing to non-canonical NFkB as an

interesting avenue for further exploration [27,37,38].

PKC agonists. A spectrum of drugs targeting the PKC

pathway, including Prostratin, Bryostatin-1 and Ingenols

activate NFAT, NFkB and AP-1 binding to the 50LTR

(Table 1), leading to strong proviral transcription initia-

tion [18,39–45]. While PKCa and PKCu stimulation

targets HIV-1 [46], most currently available PKC agonists

target many PKC isoforms resulting in pleiotropic and

consequent toxic effects, highlighting need for novel

more specific PKC agonists [18,45,46].

Maraviroc, a CCR5 antagonist HIV entry blocker was

shown to also reverse latency via NFkB activation [47,48].

Maraviroc induced NFkB phosphorylation and HIV tran-

scription as shown by increased cell associated HIV-1

RNA in patient CD4+ T cells [48]. Maraviroc is attractive

for inclusion in pharmacological LRA strategies because

of its mechanistic versatility as an LRA and antiviral.

TLR agonists have gained much attention due to their

multifactorial effects on the HIV-1 reservoir [49��,50–54].
At least ten TLRs are described that function as first line

of pathogen recognition and induce innate and adaptive

immune defenses. Dual TLR agonists such as CL413

showed potent HIV-1 reactivation via complementary

targeting of TLR2 and TLR7, leading to NFkB activa-

tion concomitant with TNFa production [49��].
MGN1703, a TLR9 agonist induced HIV plasma RNA

in 6 of 15 study participants concomitant with increased

activation of NK and CD8+T cells, although no reduction

in latent reservoir was observed [50]. The TLR7 agonists

GS-986 and GS-9620, suggested to also enhance anti-HIV

immune effector function, reversed latency in patient

cells [51]. These TLR7 agonists also increased plasma

HIV-1 RNA concominant with decreased HIV-1 DNA in

the infected rhesus model, where two of nine animals

have remained aviremic [52]. Because of this functional

versatility, TLR agonists show much promise in reservoir

elimination strategies.

Other TFs

LRAs can reduce or enhance HIV-1 50LTR binding of

repressive/activating TFs [8,12,15]. Resveratrol
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promotes histone acetylation and activation of HSF1,

an HIV-1 transcription activator [55]. Benzotriazoles

were recently shown to stabilize the active form of

STAT5 and reactivate HIV-1 [36].

Enhancing HIV-1 transcriptional elongation

Inefficient transcription elongation via promoter-proxi-

mal Pol II 50LTR pausing is a major rate-limiting step in

latency reversal [56��] (Figure 2c), which is released by

Tat; when expressed at sufficient levels, Tat orchestrates

a strong positive transcriptional feedback loop [8]. Tat

binds TAR and recruits PTEFb, whose CDK9 compo-

nent phosphorylates the Pol II C-terminal domain (CTD)

as well as NELF and DSIF (which promote Pol II

dissociation when unphosphorylated), enhancing Pol II

processivity. In latent cells, PTEFb is predominantly

sequestered within the 7SKsnRNP complex, a ribonu-

cleoprotein scaffold in which PTEFb activity is inhibited

[8]. Tat also competes for PTEFb with BRD4, which

binds and sequesters PTEFb [9]. To enhance transcrip-

tion elongation, in addition to PTEFb, Tat recruits a

number of other interactors, including chromatin modi-

fiers, whose binding is regulated by deposition and

removal of PTMs and these can also be exploited pharma-

cologically [8,57–59].

BETis. Inhibition of BRD4 releases PTEFb, increasing

its availability for binding Tat. BETis activate latent HIV

in a spectrum of latency models and after treatment of

cells from HIV infected patients [60–63] (Table 1).

Interestingly, inhibition of the lysine acetyltransferase

KAT5 reduced 50LTR histone H4 acetylation and

impaired BRD4 recruitment, similar to BETis, resulting

in increased PTEFb pool for Tat reactivation of latent

HIV-1 [64]. Thus BETis are promising LRAs that act via

a dual mechanism, relieving BRD4S-BAF-mediated

LTR repression as well as increasing availability of

PTEFb for Tat.

Compounds disrupting 7SK snRNP. In resting CD4+T

cells the majority of PTEFb is sequestered in an inactive

form within the 7SK snRNP complex [8]. Inhibition of

the HEXIM subunit of 7SK snRNP by HMBA enhanced

PTEFb activity and latency reversal [9,63,65]. We

recently found Gliotoxin, a small molecule secreted by

Aspergillus fumigatus reversed latency in HIV infected

patient CD4+T cells by disrupting 7SK snRNP causing

PTEFb release and transcription elongation at the HIV

LTR (submitted).

Tat has remarkable specificity for the HIV 50LTR and can

penetrate cell membranes. In an attenuated form [66], or

exosomally delivered [67], Tat activated HIV-1 in CD4

+T cells obtained from c-ART suppressed infected indi-

viduals and significantly increased the potency of other

LRAs. The potential of Tat as a therapeutic vaccine
Current Opinion in Virology 2019, 38:37–53
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candidate has also been explored [68] and may play a role
in efforts toward reservoir depletion.

Immune checkpoint (IC) blockers. PD-1 has been sug-

gested to confer persistence of HIV-1 latency during c-

ART, likely via inhibition of signaling pathways that lead

to PTEFb activity [69,70]. IC blockers reversed latency

in cells obtained from suppressed patients [71], although

another study found less robust effects [72]. Further

investigation will determine effectiveness of IC blockers

as LRAs and/or in alleviating CD8+T cell exhaustion.

Targeting post transcriptional regulation
Viral proteins were shown to be produced in a small

fraction of LRA-reactivated cells which transcribed viral

RNA [73��]. This points to the presence of post-transcrip-

tional blocks in viral reactivation [56��], where HIV-1 
RNA is subjected to splicing and polyadenylation and

RNA surveillance proteins influence viral RNA metabo-

lism. Lack of polyadenylated mRNA compromises tran-

script stability, export and HIV-1 protein production

while block in splicing decreases HIV-1 expression

[10,11,56��,74–77]. The significant contribution of post-

transcriptional and transcription elongation blocks to effi-

cient HIV latency reversal have only recently come to

light. Although these regulatory mechanisms have not

been extensively explored in the context of HIV reacti-

vation, effective latency reversal may require interven-

tions that improve viral RNA stability, splicing, export

and translation in order to boost viral protein production.

Pipeline of block and lock agents
On the flip side of reversing latency as a stepping stone to

viral elimination, ‘block and lock’ [2�] is a functional cure 
strategy to permanently shut down viral expression, elim-

inating the need for continued antiviral therapy.

Tat inhibition
The HIV-1 Tat inhibitor Didehydro-Cortistatin A (dCA)

binds Tat and effectively disrupts Tat/TAR axis [78],

restricting HIV-1 transcription and replication. dCA treat-

ment was shown to restrict PBAF recruitment while

enhancing BAF 5’LTR occupancy and Nuc-1 mediated

repression [79]. Consistently, ex vivo dCA treatment of

CD4+T cells from HIV-1 infected individuals both

improved c-ART suppression of infection and led to

strengthened 50LTR chromatin and epigenetic repres-

sion, restricting viral reactivation in latently infected cells

and leading to a delayed viral rebound after c-ART

interruption [2�].

Targeting host factors to reinforce latency
In line with block and lock, compounds targeting host

factors DDX3, DDX5, Matrin3, Mov10, splicing factors,

UPF proteins, involved in HIV-1 post-transcriptional

processing, including inhibitors of mTOR, cardiotonic

steroids, SR proteins, inhibit HIV-1 latency reversal
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and lead to a block in translation [74–81]. Inhibition of

HIV-1 Rev and Rev response element (RRE) association

on the viral RNA or the cellular factor CRM1 can block

nuclear export of unspliced viral mRNA [82]. ABX464-

mediated inhibition of the cap binding complex increased

viral splicing, halting production of unspliced RNA

required for viral assembly [83]. LEDGINs, molecules

that inhibit HIV-1 integrase-LEDGF interaction were

described to shift preferential sites of HIV-1 integration

out of active transcription units, and retarget HIV into

regions refractory to reactivation [84]. Block and lock

strategies, similarly to LRAs, can in principle work most

effectively in combination; dCA, LEDGINs, compounds

that strengthen proviral epigenetic repression, and ulti-

mately modulators of splicing and viral export, may act

synergistically to induce a deeper state of latency to delay

or permanently suppress viral rebound.

Inducing cell death
An attractive approach to eliminate HIV-1 emerging out

of latency is to pharmacologically target danger sensing,

stress and apoptotic pathways in order to induce cell

death in LRA-reactivated HIV expressing cells [85]. This

would bypass necessity for an anti-HIV immune response

to eliminate reactivated cells. To this end, coupling LRA-

induced HIV activation with inhibitors of inhibitors of

apoptosis (IAPs), stimulation of danger sensing pathways,

and indirect triggering of stress by blocking the cell’s

physiological processes have drawn much attention as a

way to eliminate latently infected cells.

Inhibitors of IAPs

SMAC mimetics (SMs), molecules which target cell sur-

vival factors XIAP and cIAP1/BIRC2 have shown much

promise as both LRAs that act through noncanonical

NFkB activation as well as compounds that induce apo-

ptosis in HIV-1 infected cells through proteasomal deg-

radation of IAPs. SMs SBI-0637142 and LCL161 down-

regulated BIRC2/IAP, leading to proviral transcription

[37]. Debio 1143 targets BIRC2 for degradation inducing

non-canonical NFkB with subsequent HIV-1 latency

reversal in resting CD4+T cell from aviremic participants

[86]. SMs birinapant [38], GDC-0152, and embelin

induced apoptosis selectively in HIV-1 infected (but

not uninfected) central memory CD4+Tcells, leading

to their elimination [87��]. Benzolactam related com-

pound BL-V8-310 induced apoptosis in HIV infected

cells reactivated in a PKC induced manner [44]. Interest-

ingly, in vitro treatment with the pro-apoptotic drug

Venetoclax, which blocks Bcl-2, followed by anti-CD3/

CD28 stimulation resulted in fast decay of productively

infected primary T cells in vitro and reduction of the

latent reservoir in vitro [88].

Stimulation of TLRs and RIG-I-like receptors (RLRs)

When latent HIV is reactivated, TLRs, RLRs and their

molecular effectors, act as sensors that trigger NFkB,
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MAP kinase and interferon signaling and initiate an

innate immune response. Subsequent to detection of

viral RNA, RIG-1 induces apoptosis. Interestingly, reti-

noic acid (RA) induces expression of RIG-I and p300,

which in turn stimulates HIV-1. Acitretin a derivative of

RA reversed HIV-1 latency and induced apoptosis in

infected cells [89,90]. When combined with Vorinostat

even higher depletion of proviral DNA was observed. A

later study however challenged these findings showing

only weak latency reversal and cell death, pointing to

need for further evaluation. TLRs may also play multiple

roles, as LRAs, and mediators of HIV-infected cell death

[51,54]. A remaining question is whether and which

TLRs become activated by HIV-1 transcripts and pro-

teins upon latency reversal.

Combination, synergism and scalable therapy
Current LRAs reactivate only 5% of latently infected cells

[91��], of which only an approximated 2–10% produce

viral protein in addition to expressing viral RNA [73��].
Administration of certain LRA combinations in intervals,

rather than at once [19,30], stimulated higher proviral

expression, while sequential treatment rounds yielded
Figure 3
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new infecious particles. These observations point to a

limitation in potency of current LRAs as well as tran-

scriptional stochasticity of a diverse and strenuous latent

reservoir. The heterogeneous nature of molecular mech-

anisms controlling HIV latency predicts that a combina-

tion of compounds targeting distinct regulatory pathways

will be most effective to activate the reservoir. Synergistic

effects of LRAs have been shown ex vivo

[8,9,30,32,33�,40,43,63]. While ongoing and future clinical

trials will shed more light on which mechanisms of

latency should be targeted in concert for most roboust

reversal, mechanistic and preclinical observations point to

combinations that include derepressors (eg. Vorinostat,

BAFis), activators of NFkB (eg. dual TLR agonists or

SMAC mimetics) and activators of transcription elonga-

tion (eg. BETis, Gliotoxin) to have high potential. The

use of LRAs in combination allows for lower concentra-

tions of each molecule to induce HIV activation. Hence,

combinatorial approaches emerge not only as a way to

improve the activation efficacy of individual LRAs, but

also as a way to govern a level of specificity towards HIV-1

latency reversal, limiting the pleiotropic and toxic effects

of each intervention (Figure 3).
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In contrast to antivirals, which target HIV, pharmacologi-

cal interventions to eliminate the HIV reservoir (Table 1),

with the exception of Tat and Tat and Rev-RRE inhi-

bitors, all target host molecular effectors, harbor inherent

pleiotropic effects and are subject to variability in

response. In this context, pharmacogenetics to investigate

the patient-specific response to distinct molecules may

identify robust treatments, which synergize at sufficient

magnitudes to overrule individual variability, paving the

way for scalable therapy options. Importantly, the com-

plex nature of the latent reservoir points to the likelihood

of future combinations of nonexclusive pipelines of

interventions. For example, potent latency reversal

and cell death promoting combination regimens could

be used, in presence of c-ART, to activate and eliminate

a more reactivatable fraction of the reservoir. Here

promoting clearance of latent cells via apoptosis and

immune boosting strategies could be used concomitantly

to improve reservoir elimination. Upon clearance of this

more labile latent reservoir, ‘block and lock’ regimens

may be employed to lock the remaining reservoir in a

permanently repressed state. A strengthened immune

system would then control the latent virus in case of
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General introduction 

III. 

Scope of the thesis 

Pharmacological reversal of HIV-1 latency with subsequent immunological clearance of the virus 

has been proposed as a means to eradicate HIV, in a so called “shock and kill” approach. 

Up to now several latency reversing agents (LRAs) have been described. Unfortunately, 

so far none of them were potent enough to strongly “shock” the virus from hiding in 

clinical trials. It becomes clear that we need to identify stronger drugs to carry the task. Most 

likely we will also have to combine different classes of LRAs in order to achieve clinically relevant 

latency reversal. 

The main aim of the work presented in this thesis is to identify and characterize 

novel, therapeutically relevant latency reversal agents – LRAs, which induce expression of the 

HIV-1 genome at the RNA and protein levels. Secondly, we intensively investigate dual 

treatments with different classes of these drugs to identify combinations exerting synergistic 

latency reversal.  

We have previously shown in cell line models of latency that the BAF complex is 

responsible for re-positioning of nucleosome 1 in a thermodynamically disfavored position just 

after the transcription start site (TSS) on the pro-viral promoter or 5’LTR. Such enforced 

chromatin structure represents a mechanical block for RNA Polymerase II processing and 

causes inhibition of transcription of the HIV-1 provirus. BAF, as a repressor of HIV-1 

transcription represented an ideal molecular target for pharmacological targeting to reverse 

latency.  

In chapter two we tested whether a set of molecules recently identified to mimic a 

BAF knock-out in ES cells (Dykhuizen, Carmody, Tolliday, Crabtree, & Palmer, 2012) was 

capable of reversing HIV-1 latency. First, we focused on cell line models of latency, where 

we could assess efficacy and toxicity of these small molecules. Additionally, we employed 

ChIP assays to examine how BAF inhibitors (BAFis) reverse latency. We showed that while in 

untreated cells BAF complex occupies nucleosome 1 of the proviral promoter, treatment 

with BAFis lead to displacement of the complex resulting in more open chromatin. Cell 

lines do not adequately represent the physiological reservoir of latent HIV-1, the most 

functionally relevant of which are primary resting memory CD4+ T cells. We therefore next 
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examined the potential of putative BAF inhibitor compounds to reverse latency in primary ex vivo 

infected HIV-1 latency models, and more importantly in cells obtained from aviremic persons living 

with HIV-1. Furthermore, we examined whether the putative BAF inhibitors would synergize with 

compounds belonging to other LRA families of molecules. Given the importance of the BAF 

complex in gene regulation we were also interested in determining toxicity profile and potential 

pleiotropic effects of these drugs on immune cells. 

In chapter three, in collaboration with the Dykhuizen lab, we examined HIV latency 

reversal potential of more specific BAFis identified in high throughput unbiased screen of almost 

350 000 molecules of various sources (ie. Natural products, known bioactives, commercially 

available compound libraries, and compound libraries designed by scientists at the Broad 

Institute, MIT). Identified candidate BAFis tested were based on a macrolactam structure. 

Target identification and mechanistic experiments showed that macrolactams target ARID1A 

subunit of the BAF complex. In order to examine their effectiveness, we employed multiple 

models of latency, including cells obtained from people living with HIV. We also assessed 

toxicity of these drugs on cells to investigate how safe their use would be. We showed that, 

similarly to CAPE and PYR, treatment with macrolactams results in more open LTR chromatin 

as assessed by FAIRE assay. However, likely because of their specific targeting of the 

ARID1A subunit, the macrolactam structure BAFi’s exhibited less toxicity concomitant with 

more potency.  

A growing body of evidence suggests that activating transcription elongation is 

of utmost importance in “shock and kill” approaches (Yukl et al., 2018). In fact, it has 

been demonstrated that in replication competent latent HIV infected cells from aviremic 

patients, the main barrier to expression of the virus stems from series of blocks to proximal 

elongation, distal transcription/polyadenylation (completion), and multiple splicing rather 

than from blocks to transcriptional initiation (as previously assumed (Röling et al., 2016)). Up 

until now, there were only two small molecules able to trigger transcriptional elongation, 

namely JQ1 and HMBA (Banerjee et al., 2012; Contreras et al., 2007; Filippakopoulos et 

al., 2010). Unfortunately, short half-life of JQ1 limits its potential therapeutic usefulness 

(Trabucco et al., 2015; Wroblewski et al., 2018). The Jordan group has recently identified 

MMQO small molecule to be a promising BET targeting LRA.  

In chapter four, together with Jordan lab we investigated in more 

detail the mechanisms governing the activity of MMQO.  Analysis of transcriptomes of cells 

treated with MMQO and other LRAs were used to compare how these drugs influence 

transcription and to find common gene targets. Importantly, nuclear magnetic resonance 

(NMR) binding studies were done to determine if MMQO binds to BRD4. Interestingly, we 

also investigated if and how different classes of LRAs target latency reversal in distinct 

subsets of latently infected cells. 
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 In the final chapter, we screened for novel putative LRA(s) using a largely untapped source 

for potentially bioactive molecules. We focused on fungal secondary metabolites, as fungi are 

well known for producing a plethora of diverse array of molecules. Combination of academic 

knowledge of mycology, low and medium throughput biological screening systems and state-of-

art fractionation and purification techniques resulted in identification of three fungi producing 

putative LRAs. We focused on the strongest hit, supernatants of Aspergillus fumigatus, which we 

showed contain gliotoxin (GTX) as a novel LRA. Activity and toxicity of the identified hit was 

further determined in variety of model systems of HIV-1 latency, including cells obtained from 

aviremic people living with HIV-1. We focused on understanding, at the mechanistic, molecular 

level, how latency is reversed by gliotoxin. Therefore, we employed transcriptome analysis 

coupled with biochemical assays to unravel the steps targeted by GTX to reverse latency. 

Additionally, we assed efficacy of synergistic combinations of gliotoxin with other known LRAs. 

 In this thesis we have identified and described the mechanism of function of a wide array 

of small molecules with potential to reverse HIV-1 latency, a first step towards eradication of the 

virus. These drugs, namely caffeic phenethyl ester (CAPE), pyrimethamine (PYR) and 

macrolactams, MMQO, and gliotoxin belong to BAF targeting, BET targeting, and 7SKsnRNP 

complex targeting classes of molecules, respectively, and we investigated and described how 

mechanistically they induce proviral transcription. We also assessed effective combination of 

these molecules with other known LRAs with the aim to find co-treatments exerting synergistic 

effect. Additionally, we evaluated the toxicity profile and potential pleiotropic effects of these 

molecules on other immune cells, namely CD8+ T cells responsible for eliminating the infected 

CD4+ T cells. Importantly, we studied the effectiveness of these molecules to reverse HIV latency 

ex vivo in cells obtained from aviremic participants living with HIV, the gold standard for in vitro 

effectiveness of LRAs. 
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Persistence of latently infected cells in presence of Anti-Retroviral Therapy presents themain obstacle toHIV-1 erad-
ication. Much effort is thus placed on identification of compounds capable of HIV-1 latency reversal in order to ren-
der infected cells susceptible to viral cytopathic effects and immune clearance. We identified the BAF chromatin
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Acid Phenethyl Ester and Pyrimethamine, twomolecules previously characterized for clinical application. BAFi's re-
versedHIV-1 latency in cell line based latencymodels, in two ex vivo infected primary cellmodels of latency, aswell
as in HIV-1 infected patient's CD4+ T cells, without inducing T cell proliferation or activation. BAFi-induced HIV-1
latency reversal was synergistically enhanced upon PKC pathway activation and HDAC-inhibition. Therefore BAFi's
constitute a promising family of molecules for inclusion in therapeutic combinatorial HIV-1 latency reversal.
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important insights into the characteristics and dynamics of the persis-
tent latent pool of the HIV-1 virus in infected patients (Pierson et al.,
2000; Dahabieh et al., 2015; Geeraert et al., 2008; Chun et al., 1995,
2007). Studies have led to the identification of quiescent latently infect-
ed CD4+ memory T cells, which harbor latent HIV-1, as the major
barrier to a cure (Finzi et al., 1999; Siliciano et al., 2003). The majority
of HIV-1 infected patients are diagnosed during the chronic phase of
the infection, when a large reservoir of latently infected cells is already
established (Strain et al., 2005; Watanabe et al., 2011; Whitney et al.,
2014). Therefore, to achieve a functional cure, recent pharmacological
efforts have centered on targeting the reservoir harboring latent HIV-
1 for activation in order to induce viral replication. As a second step,
following latency reversal, the infected cells would be exposed to viral
cytopathic effects and the immune system, thereby eliminating or
depleting the infected cells that constitute the latent reservoir (Deeks,
2012).

Latently HIV-1 infected cells harbor replication competent HIV-1
virus, whose gene expression is transcriptionally blocked. Once inte-
grated, the double stranded HIV-1 provirus behaves as a cellular gene
and becomes subject to a complex network of molecular mechanisms
that determine its transcriptional state (Mbonye and Karn, 2014;
Mahmoudi, 2012; Dahabieh et al., 2015). As part of the genome, the
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HIV-1 chromatin structure at the 5′ LTR, the HIV-1 promoter, is highly
organized into specifically deposited nucleosomes: in its latent state,
the 5'LTR is organized into nuc-0 and nuc-1, two strictly positioned
nucleosomes that are separated by DHS1, a region sensitive to nuclease
digestion, which encompasses a loosely positioned nucleosome
(Verdin, 1991; Verdin and Van Lint, 1995; Rafati et al., 2011). The posi-
tioning of nuc-1, downstream of the core promoter transcription start
site, is the hallmark of the repressed 5′ LTR. Upon activation, nuc-1
becomes rapidly and specifically disrupted, allowing for HIV-1 gene ex-
pression to occur (Verdin and Van Lint, 1995; Verdin et al., 1993; Van
Lint et al., 1996; Rafati et al., 2011).

The chromatin structure of the HIV-1 promoter, as with cellular
promoters, is generated through the concerted activity of protein
complexes, which remodel chromatin (Mbonye and Karn, 2014; Lusic
and Giacca, 2015). This is in part accomplished by loosening or
tightening histone-DNA interaction via posttranslational modifications
on histone tails, which include acetylation and methylation (Zentner
and Henikoff, 2013). Of particular interest for regulation of HIV-1 tran-
scription, histone deacetylases have been shown to play a critical role
in repressing gene expression at the HIV-1 LTR (Van Lint et al., 1996;
Keedy et al., 2009; Marban et al., 2007; Williams et al., 2006; Barton
and Margolis, 2013; Barton et al., 2014; Lu et al., 2014) and represent
an important target for therapies aimed at activation of latent virus
or latency reversal. Accordingly, a number of small molecule HDAC in-
hibitors including valproic acid (Edelstein et al., 2009), suberoylanilide
hydroxamic acid (SAHA) (Contreras et al., 2009), Panobinostat
(Rasmussen et al., 2013), and Romidepsin (Wei et al., 2014) have
been or are currently under clinical investigation for their potential in
therapeutic HIV-1 latency reversal (Archin et al., 2012, 2014; Elliott
et al., 2014; Barton et al., 2015; Rasmussen et al., 2014).

Initial data from preclinical and clinical studies using HDAC inhibi-
tors in therapeutic latency reversal suggest that while promising,
HDAC inhibitors alone may not be sufficient in activation of the latent
HIV-1 to the extent required to accomplish clinically significant deple-
tion of the latent reservoir in patients. HIV-1 transcriptional latency is
a complex molecular phenomenon, driven and controlled by multiple
mechanisms, including the position of virus integration in the genome,
its orientation and proximity to endogenous genes, and the presence
and activity of host transcription factors and cofactors on the HIV-1
promoter (Van Lint et al., 2013; Dahabieh et al., 2015; Mbonye and
Karn, 2014; Ruelas and Greene, 2013; Matsuda et al., 2015). Therefore,
the specific transcriptional environment of each latently infected cell
is likely to impact its responsiveness to activatingmolecules. According-
ly, the molecular mechanisms at play in transcriptionally silencing the
latent reservoir are likely to be diverse and heterogeneous. Indeed,
data obtained from in vitro models using latently infected cell lines
support the notion that targeting two ormore pathways in combination
is more effective in activating latent HIV-1 by inducing synergistic
activation of the latent promoter (De Crignis and Mahmoudi, 2014;
Laird et al., 2015). It is therefore critical to identify and target multiple
molecular effectors with distinct mechanisms that drive HIV-1 latency
in order to obtain more effective and synergistic activation of the latent
reservoir.

ATP dependent chromatin remodeling complexes are another
group of factors, which the cell has co-evolved in addition to post-
translational histone modifications, in order to alter histone-DNA con-
tacts and change chromatin structure. These multi-subunit protein
complexes use energy from ATP hydrolysis to disrupt or move nucleo-
somes, thereby remodeling chromatin and modulating access to DNA
(Narlikar et al., 2013; Petty and Pillus, 2013; Hargreaves and Crabtree,
2011; Mahmoudi and Verrijzer, 2001). We have recently found that
the BAF chromatin remodeling complex uses energy from ATP hydroly-
sis to position the transcriptionally repressive nuc-1 over thermody-
namically sub-optimal DNA sequences leading to the establishment
and maintenance of HIV-1 latency. Consistent with the pivotal role of
BAF complex in HIV-1 latency, we have shown that siRNA mediated
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depletion of BAF specific subunits significantly decreases the percentage
of latent events at the time of infection. Similarly, in cells inwhich laten-
cy is already established, such as in vitro T cell line models of latency,
depletion of BAF subunits results in reactivation of latent virus. Our
data identified the BAF chromatin remodeling complex as a putative
molecular target in therapeutic efforts aimed at HIV-1 latency reversal
(Rafati et al., 2011; Mahmoudi, 2012). Recently, a spectrum of potential
smallmolecule inhibitors of the BAF complexwere identified in a screen
of more than 30,000 compounds, which included synthetic molecules,
natural products, drug-like compounds and molecules with known
bioactivity (Dykhuizen et al., 2012). 34 BAF inhibitors were initially
identified by monitoring mRNA expression of well characterized BAF
target genes in mouse embryonic stem cells. A second screen then
eliminated molecules with non-specific targets and general repressive
activities, leading to the identification of 20 compounds that transcrip-
tionally mimic genetic deletion of BRG1 (the ATPase subunit of the
complex), indicating specific activity against the BAF complex.

Here we have tested a panel of BAF inhibitors for their potential to
activate latent HIV-1. Following the initial screening, we focused on
functional characterization of A01, A11, and C09, the three compounds
that displayedmost significant activity on the latent LTRwith the lowest
toxicity. We found that BAF inhibitors (BAFi's) activate latent HIV-1 in
both Jurkat cell lines harboring latent full length HIV-1 and HIV-1
derived viruses, in two distinct ex vivo infected primary CD4+ T cell
models of HIV-1 latency, as well as in cells obtained from virologically
suppressed HIV-1 infected patients. BAFi-mediated activation of latent
HIV-1 was accompanied by the displacement of the BAF complex from
the HIV-1 LTR, as demonstrated by ChIP assay, and was synergistically
enhanced in presence of the HDAC inhibitor SAHA and the PKC agonist
Prostratin. Consistently, FAIRE assays demonstrated removal of the
repressive positioned nuc-1 in response to treatment with BAFi's, and
synergism at themolecular level when cells were co-treatedwith BAFi's
together with Prostratin.While efficiently activating latent HIV-1, treat-
ment with BAFi's did not induce T cell proliferation or general T cell ac-
tivation of primary CD4+ T cells. Our data identifies BAFi's as a
promising family of small molecules for inclusion in therapeutic
combinations aiming to reverse HIV-1 latency.

2. Materials and Methods

2.1. Cell Culture and Reagents

Jurkat, J-Lat A2 (LTR-Tat-IRES-GFP), J-Lat 11.1 (integrated full-length
HIV-1 genome mutated in env gene and GFP replacing Nef) (Jordan
et al., 2001, 2003) cells were cultured in RPMI-1640 medium (Sigma
Aldrich, Zwijndrecht, The Netherlands) supplemented with 10% FBS
and 100 μg/ml penicillin-streptomycin at 37 °C in a humidified 95%
air-5% CO2 atmosphere. Cells were treated with the following com-
pounds: Phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich);
Ionomycin (Sigma Aldrich); SAHA-Vorinostat (Selleck Chemicals);
Prostratin (Sigma Aldrich); A01 (N-hydroxy-N′-phenyl-octanediamide
2-hydroxy-N′-[(E)-(5-hydroxy-6-oxocyclohexa-2,4-dien-1-ylidene)
methyl]benzohydrazide (BRD-K70161581-001-01-5), Vitas-M Labora-
tory, Ltd., Apeldoorn, Netherlands.); A11 (5-(4-chlorophenyl)-6-ethyl-
2,4-pyrimidinediamine (BRD-K88429204-001-18-7), Sigma Aldrich);
C09 (2-phenylethyl (E)-3-(3,4-dihydroxyphenyl)prop-2-enoate (BRD-
K91370081-001-04-6), MP Biomedicals, Eindhoven, The Netherlands).

2.2. Flow Cytometry

GFP expression in the J-Lat cell lines was analyzed by Flow Cytome-
try. The live population was defined by forward versus side scatter
profiles. Cells were further gated by using forward scatter versus GFP in-
tensity to differentiate between GFP-positive and -negative cells.

In primary models of latency, the phenotypic characteristics of the
cell population at the moment of reactivation were determined using
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flow cytometry: cellswere stainedwith anti-CD4-PB (BectonDickinson,
Breda, The Netherlands), anti-CCR7-PE (eBioscience, Uithoorn, The
Netherlands), anti-CD27-APC (Becton Dickinson), and anti CD45RO-
FITC (Dako, Heverlee, Belgium). Cells were stained for 30 min at 4 °C,
washed with PBS, and re-suspended for flow cytometric analysis.

To determine cell activation following BAF complex inhibition, cells
were treated with BAFi's for 72 h. Untreated cells and PMA/Ionomycin
treated cells were used as negative and positive control, respectively.
At 24 and 72 h post treatment cells were collected and stained with
Fixable Viability Dye eFluor®450 and anti-CD25-PE (BectonDickinson).
Cellswere stained for 30min at 4 °C,washedwith PBS, and resuspended
for flow cytometric analysis. To determine the expression of KI67, cells
were collected and stained with Fixable Viability Dye eFluor® 450 for
15 min. Following 2% PFA fixation, cells were permeabilized with 0.3%
saponin for 30 min, incubated with anti-Ki67-PE (eBioscience)
antibody for 60 min at 4 °C, washed in PBS and resuspended for flow
cytometry. All samples were analyzed with a Becton Dickinson Fortessa
instrument.

2.3. Primary CD4+ T Cell Isolation and Infection

Primary CD4+ T cells were isolated from buffy coats from healthy
donors by Ficoll gradient followed by magnetic separation with
EasyStep Human CD4+ T cell Enrichment kit (StemCells Technologies,
Grenoble, France).

Two in vitro models of HIV-1 latency were set up following the
method developed by Bosque and Planelles (Bosque and Planelles,
2009) and Lassen and Greene (Lassen et al., 2012). Infections were
performed using a pseudotyped virus expressing luciferase. Viral
pseudotyped particles were obtained by co-transfecting HXB2 Env
together with the HIV-1 backbone plasmid (pNL4.3.Luc.R-E-) into HEK
293 T cells using PEI (Polyethylenimine) transfection reagent. Twenty
four, 48 and 72 h post-transfection, the pseudovirus-containing
supernatant was collected, filtered through a 0.45 μm filter, aliquoted,
and stored at−80 °C.

For generation of latently infected primary cells according to the
Bosque and Planelles method, purified CD4+ T cells were cultured in
RPMI 1640 containing 10% FBS in presence of 10 ng/ml) of TGF-β
(Sigma-Aldrich), 1 μg/ml α-IL4 (PeproTech, London, UK), 2 μg/ml α-
IL12 (PeproTech), and α-CD3-CD28 (Life Technologies, Breda, The
Netherlands) coated beads in 1:1 ratio for 3 days. After 3 days α-CD3-
CD28 coated beads were removed and cells were cultured in RPMI
1640 containing 10% FBS, 100 μg/ml penicillin-streptomycin and
5 ng/ml of IL2 (Sigma-Aldrich) for 4 days. On day 7 post stimulation
cells were infected with HIV-derived virus particles. Primary CD4+ T
cells, were infected with the PNL4.3.LUC.R-E- virus by spinoculation
(90 min at 1200 g), washed in PBS and cultured in RPMI 1640 contain-
ing 10% FBS, 100 μg/ml penicillin-streptomycin, IL2 (5 ng/ml) and
Saquinavir Mesylate (5 μM). Six days after infection cells were treated
with BAFi's in presence of Raltegravir (30 μM).

Generation of latently infected cells according to Lassen and Greene
methodwas performed as follows: CD4+ T cells were infectedwith the
PNL4.3.LUC.R-E- virus by spinoculation (120 min at 1200 g) right after
isolation and cultured for three days in RPMI 10% FBS and 100 μg/ml
penicillin-streptomycin in presence of Saquinavir Mesylate (5 μM).
Three days after infection cells were treated with BAFi's in presence of
Raltegravir (30 μM).

Cells were harvested 24 h after stimulation with BAF inhibitors,
washed once in PBS and luciferase activity was measured using
Luciferase Assay System (Promega, Leiden, The Netherlands). Relative
light units were normalized to protein content determined by Bradford
assay (Bio Rad, Veenendaal, The Netherlands).

HIV-1 molecular clone pNL4.3.Luc.R-E-, HIV-1 HXB2-Env expression
vector, Saquinavir Mesylate and Raltegravir were kindly provided
by the Centre for AIDS Reagents, NIBSC. HIV-1 molecular clone
pNL4.3.Luc.R-E- and HIV-1 HXB2-Env expression vector were donated
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by Dr. Nathaniel Landau and Drs Kathleen Page and Dan Littman,
respectively.

2.4. Activation of HIV-1 Transcription in Patient CD4+ T Cells

Total PBMCs were obtained from HIV-infected patients without
(overt) clinical symptoms by leukapheresis, and isolated by Ficol
gradient density sedimentation. CD4+ T cells were isolated using the
CD4+T-Cell enrichment kit (Stem Cell Technologies) and frozen. Inclu-
sion criteria were as follows: age N 18 years; confirmed HIV-1 infection;
plasma HIV-1 RNA viral load below 50 copies/ml for more than 12
months; cART for at least 3 years. 2.5 million CD4+ T cells were plated
in 6 wells plates in 2.5 ml of RPMI supplemented with 10% FBS and left
untreated or treated with 1 μM C09, 20 μM A11 or 300 nM Prostratin
alone or in combination as indicated. As a positive control, cells
were treated with CD3-CD28 beads or PMA-Ionomycin. Twelve hours
after stimulation cells were collected and lysed in RNA lysis buffer
(Promega). RNA was extracted and reverse transcribed using Random
primers (Life Technologies) and Superscript II (Life Technologies)
following manufacturer's instructions. Levels of cellular associated
RNA were quantified using a PCR targeting the HIV-1 POL gene. qPCR
was performed in a final volume of 25 μl using 4 μl of cDNA, 2.5 μl of
10× PCR buffer (Life Technologies), 1.75 μl of 50 mMMgCl2 (Life Tech-
nologies), 1 μl of 10 mM dNTPs (Life Technologies), 0.125 μl of 100 μM
Pol For (HXB2 genome 4901 → 4924), 0.125 of 100 μM Pol Rev. (HXB2
genome 5060→ 5040), 0.075 μl of 50 μM of Pol Probe, and 0.2 μl Plati-
numTaq (Life Technologies). The lower limit of detection of thismethod
was of 20 copies of HIV-1 RNA in 1 μg of total RNA. The absolute number
of POL copies in PCR was calculated using a standard curves ranging
from 4 to 4 × 105 copies of a plasmid containing the full-length HIV-1
genome. The amount of HIV-1 cellular associated RNA was expressed
as number of copies/μg of input RNA in reverse transcription. Prepara-
tions of cell-associated RNA were tested for potential contamination
with HIV-1 DNA and-or host DNA by performing the PCR amplification
in the presence and absence of reverse transcriptase.

This study was conducted in accordance with the ethical principles
of theDeclaration of Helsinki. The patients involved in the study provid-
ed signed informed consent and the study protocol was approved by
The Netherlands Medical Ethics Committee (MEC-2012-583).

2.5. Total RNA Isolation and Quantitative RT-PCR (RT-qPCR)

Total RNA was isolated from the cells using RealiaPrep RNA Cell
Miniprep System (Promega), cDNA synthesis was performed using
Superscript II Reverse Transcriptase (Life Technologies) kit following
manufactures protocol. RT-qPCR was performed using GoTaq qPCR
Master Mix (Promega) following manufacturer protocol. Amplification
was performed on the CFX Connect Real-Time PCR Detection System
thermocycler (BioRad) using following thermal program starting with
3 min at 95 °C, followed by 40 cycles of 95 °C for 10 s and 60 °C for
30 s. Specificity of the RT-qPCR products was assessed by melting
curve analysis. Primers used for real-time PCR are listed in Table 1. Ex-
pression data was calculated using 2-ΔΔCt method by Livak Schmittgen
(Schmittgen and Livak, 2008). Cyclophyilin A (CycA) and ß-2-micro-
globulinwere used as housekeeping genes for J-Lat cell lines and prima-
ry cells, respectively.

2.6. Knock-down Experiments

Pre-designed siRNA pools targeting transcripts of the human ARID1a-
BAF250a (L-017,263-00-0005) and non-target control siRNA pool (D-
001,810-10-20) were purchased from Dharmacon (Dharmacon, Etten-
Leur, The Netherlands). Small-interfering RNAs were delivered by
nucleofection using Amaxa Nucleofector (Amaxa AG-Lonza, Cologne,
Germany) as previously described (Rafati et al., 2011). Briefly, cells
were split to 3 × 105 cells/ml one day before nucleofection. Five million



Table 1
List of RT-qPCR primers.

Primer Sequence (5′-3′)

β – Actin For CGCAAAGACCTGTACGCCAAC
β – Actin Rev GAGCCGCCGATCCACACG
β2Microglobulin For AGCGTACTCCAAAGATTCAGGTT
β2Microglobulin Rev ATGATGCTGCTTACATGTCTCGAT
BAF250a For CTTCAACCTCAGTCAGCTCCCA (Wang et al., 2012)
BAF250a Rev GGTCACCCACCTCATACTCCTTT (Wang et al., 2012)
BRG-1 For GCAGGCTCGCATCGCACAC
BRG-1 Rev GCTCAATGGTCGCTTTGGTTCG
CycA (PPIA) For TCATCTGCACTGCCAAGACTG
CycA (PPIA) Rev CATGCCTTCTTTCACTTTGCC
Gag For AGTAGTGTGTGCCCGTCTGT
Gag Rev TCGCTTTCAGGTCCCTGTTCG
Gfp For GAAGCAGCACGACTTCTTCAA
Gfp Rev GCTTGTCGGCCATGATATAGA
IFNβ For GGAGGACGCCGCATTGAC
IFNβ Rev TGATAGACATTAGCCAGGAGGTTC
IL6 For CCCTGACCCAACCACAAATGC
IL6 Rev CAACAACAATCTGAGGTGCCCAT
IL10 For ACATCAAGGCGCATGTGAAC
IL10 Rev GCCACCCTGATGTCTCAGTT
Luc For TCTAAGGAAGTCGGGGAAGC (Barakat et al., 2011)
Luc Rev CCCTCGGGTGTAATCAGAAT (Barakat et al., 2011)
MIP26 For AGTGTGTGGCTCTTGATTTCTGAGG
MIP26 Rev CCACCTCCCTTGAGTCCCTTCTC
MMP9 For TGGTCCTGGTGCTCCTGGTG
MMP9 Rev GCTGCCTGTCGGTGAGATTGG
SOCS3 For CCAAGGACGGAGACTTCGAT
SOCS3 Rev GGTACTCGCTCTTGGAGCTG
TLR2 For TGGATGGTGTGGGTCTTGG
TLR2 Rev AGGTCACTGTTGCTAATGTAGG
Nuc-0 For ATCTACCACACACAAGGCTAC
Nuc-0 Rev GTACTAACTTGAAGCACCATCC
DHS-1 For AAGTTTGACAGCCTCCTAGC
DHS-1 Rev CACACCTCCCTGGAAAGTC
Nuc-1 For TCTCTGGCTAACTAGGGAACC
Nuc-1 Rev AAAGGGTCTGAGGGATCTCTAG
ChIP CTRL Reg For GCCAGAGTCAAGCCAGTAGTC
ChIP CTRL Reg Rev TAGCCTAATGTGGAGTGGATGTG
Alu For GCCTCCCAAAGTGCTGGGATTACAG
AluGag For GGTGCGAGAGCGTCAGTAT
AluGag Rev AGCTCCCTGCTTGCCCATA
AluGag probe [6FAM]AAAATTCGGTTAAGGCCAGGGGGAAAGAA[BHQ1]
ALB For TGCATGAGAAAACGCCAGTAA
ALB Rev ATGGTCGCCTGTTCACCAA
ALB probe [FAM]TGACAGAGTCACCAAATGATGCACAGAA[BHQ1]
Pol For GGTTTATTACAGGGACAGCAGAGA
Pol Rev ACCTGCCATCTGTTTTCCATA
Pol Probe [6FAM]ACTACTGCCCCTTCACCTTTCCAGAG[BHQ1]
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cells were centrifuged at 200 g for 10 min at room temperature, re-
suspended in 100 μl of solution R, and nucleofected with 2 μM siRNA
using program O28. Nucleofected cells were re-suspended in 500 μl of
pre-warmed, serum-free antibiotic-free RPMI at 37 °C for 15 min and
then plated in 4 ml of pre-warmed complete media. Seventy-two hours
post-nucleofection cells were treated with SAHA [350 nM] or Prostratin
[100 nM]. LTR-driven GFP expression was assessed after 24 and 48 h
after treatment by FACS. RNA and protein for RT-qPCR and Western
blot analysis were isolated 96 h after nucleofection.
2.7. Western blot Analysis

Cellswere treatedwith BAF inhibitors for 36 h and then lysedwith IP
buffer (25 mM HEPES, pH 7.9, 150 mM KCl, 1 mM EDTA, 5 mMMgCl2,
5% glycerol, 1% NP40, 0.5 mM dithiothreitol and a protease inhibitor
cocktail (Sigma Aldrich)) for 30 min on ice. Whole-cell protein lysate
was used for SDS-PAGE in order to detect BAF250a, BRG-1, INI-1, IκB,
and GAPDH. The following antibodies were used in Western blot
analysis: anti-SMARCA4-BRG1 (sc-17,796, Santa Cruz Biotechnology;
ab4081-100, Abcam), anti-ARID1a-BAF250a (kind gift from C.P.
100
Verrijzer), anti-SMARCAB1-hSNF5 (ab4552, Abcam), anti- IκB (sc-371,
Santa Cruz Biotechnology) and anti-GAPDH (ab8245, Abcam). Signal
intensity for representative blots was quantified using ImageJ software
according to NIH guidelines. Briefly, specific bands, related to protein
of interest were marked in order to generate plots of relative density.
Area under the plots, representing each band intensity, was normalized
to its loading control and then to its untreated sample for BAF250a and
INI-1, each band intensity for BRG-1 was normalized to its correspond-
ing loading control and to untreated control, band intensity of treated
samples for GAPDH was normalized with untreated controls.

2.8. Latency Establishment Experiment

HIV-derived virus particles were generated as described (Jordan
et al., 2001). Briefly, HEK 293 T cells were transfected with VSVG, the
R8.9 packaging vector, and the retroviral vector LTR-Tat-IRES-EGFP
(pEV731). Viruswas harvested every 12 h starting at 24 h after transfec-
tion. Jurkat cells were treated with 1 μM BAFi's as indicated 1 h prior to
infection. Cells were then infected in presence or absence of BAFi's with
the LTR-Tat-IRES-EGFP virus at lowmultiplicity of infection (MOI), such
that approximately 10% of cells were infected. Ninety six hours after in-
fection, the GFP negative cell population was sorted using a FACSAria II
cell sorter (Becton Dickinson) and treated with PMA. Percentage of GFP
positive (latent) infections was determined by FACS analysis 48 h after
PMA stimulation.

For Alu-PCR, 2–5 ∙ 106 cells were subjected to genomic DNA isolation
using DNeasy Blood & Tissue Kit (Qiagen, Hilden, The Netherlands).
The following reaction mix was used for the first round PCR: 1X PCR
buffer (Life Technologies), 1.5 mM MgCl2 (Life Technologies), 0.5 mM
dNTPs (Thermo Scientific,Waltham,MAUSA) 1 μMAlu forward primer,
6 μMGag reverse primer, 2.5 U of Platinium Taq polymerase (Life Tech-
nologies) and 150ng of genomicDNA. Amplificationwas performed in a
T100 Thermal Cycler (BioRad) with following thermal program: 2 min
at 95 °C, followed by 14 cycles of 95 °C for 30 s, 50 °C for 30 s and
72 °C for 210 s. A nested PCR targeting the Gag gene was performed
using the following reaction mix: 1 X PCR buffer, 1.5 mM MgCl2,
0.5 mM dNTPs, 0.5 μM AluGag For and AluGag Rev. primers, 0.15 μM
AluGag probe (FAM-AAAATTCGGTTAAGGCCAGGGGGAAAGAA-BHQ1),
1 U Platinium Taq polymerase and 3 ng of genomic DNA or 2 μl of Alu-
Gag PCR product. Amplification was performed on the CFX Connect
Real-Time PCR Detection System thermocycler (BioRad) using follow-
ing thermal program starting with 5 min 95 °C, followed by 30 cycles
95 °C for 30 s, 60 °C for 30 s. Albumin gene was used for normalization.
Primer sequences used are listed in Table. 1.

2.9. Chromatin Immunoprecipitation (ChIP)

Eighteen hours prior to analysis J-Lat 11.1 cells were untreated or
treated with BAFi's as indicated. Twenty million cells were used per
sample. Cells were washed with PBS ++ (PBS, 1 mM CaCl2, 1 mM
MgCl2) and cross-linked for 30 min at room temperature by adding
buffer A (1% HCHO, 10 mM NaCl, 100 μM EDTA, 50 μM EGTA, 2 mM
HEPES pH 7.6). The reaction was quenched with 125 mM glycine.
Cross-linked cells were washed in ice-cold PBS ++ followed by washes
with buffer B (0.25% Triton-X 100, 1 mM EDTA, 0.5 mM EGTA, 20 mM
HEPES, pH 7.6) and buffer C (150 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 20 mM HEPES, pH 7.6) for 10 min at 4 °C. For sonication, cells
were re-suspended in ChIP incubation buffer (1% SDS, 1% Triton-X
100, 0.15 M NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES, pH 7.6,
Protease inhibitors cocktail) and chromatin was sheared by sonication
to an apparent length of ~500 bp using a Bio Ruptor sonicator (Cosmo
Bio Co., Ltd., Tokyo, Japan) with 20 times 60-s pulses at maximum
setting at 4 °C. At least 150 ul of each sample were collected for input.
Chromatin from approximately 20 million cells was diluted 7 times
with ChIP incubation buffer lacking SDS, in order to decrease SDS con-
centration in sonicated samples. Chromatin was immunoprecipitated
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with 2–5 μg of antibody specific to BAF250a (kind gift of gift from C.P.
Verrijzer or sc-32761, SantaCruz Biotechnology) and BSA-blocked
protein-A agarose beads (GE Healthcare) at 4 °C overnight. Beads were
washed twice with the following buffers buffer 1 (0.1% SDS, 0.1%
deoxycholate, 1% Triton-X 100, 150 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 20 mM HEPES pH 7.6), buffer 2 (0.1% SDS, 0.1% deoxycholate, 1%
Triton-X 100, 500 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM
HEPES pH 7.6), buffer 3 (250 mM LiCl, 0.5% deoxycho- late, 0.5% NP-40,
1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES, pH 7.6), and buffer 4 (1 mM
EDTA, 0.5 mM EGTA, 20 mM HEPES, pH 7.6). Immunoprecipitated
complexes and inputs were eluted in elution buffer (1% SDS, 0.1 M
NaHCO3) for 30 min at room temperature, and decrosslinked over-
night at 65 °C in presence of 200 mM NaCl2. DNA was extracted
with phenol:chloroform:isoamylalcohol 24:24:1 (Sigma) followed
by chroloform:isoamylalcohol 24:1 extraction, ethanol precipitated,
and resuspended in 100 μl H2O by shaking at 37 °C. Input and
immunoprecipitated DNA were subjected to Sybergreen qPCR cycles
with specific primers (sequences provided in Table. 1) with an CFX
Connect Real-Time PCR Detection System thermocycler (BioRad)
and GoTaq qPCR Mastermix (Promega).
2.10. Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE)

Eighteen hours prior to analysis, J-Lat A2 and 11.1 cells were treated
with BAFi's where indicated. J-Lat cells were fixed for 30 min by adding
formaldehyde to a final concentration of 1% at room temperature.
Twenty million cells were used per FAIRE experiment. The reaction
was quenched with 125 mM glycine. Cross-linked cells were washed
with PBS followed by washes with buffer B (0.25% Triton-X 100, 1 mM
EDTA, 0.5 mM EGTA, 20 mM HEPES, pH 7.6) and buffer C (150 mM
NaCl, 1 mM EDTA, 0.5 mMEGTA, 20mMHEPES, pH 7.6). For sonication,
cells were re-suspended in ChIP incubation buffer (1% SDS, 1% Triton-X
100, 0.15 M NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES, pH 7.6)
and chromatin was sheared by sonication to an apparent length of
~200–400 bp (corresponding to ~100–200 bp of free DNA) using a
BioRuptor sonicator (Cosmo Bio Co., Ltd) with 20 times 30-s pulses
at maximum setting at 4 °C. Sonicated chromatin was twice
phenol:chloroform:isoamyl alcohol (24:24:1) extracted, washed with
chloroform:isoamylalcohol (24:1) and ethanol precipitated. Isolated
DNA was subjected to Sybergreen qPCR cycles with specific primers
(sequences provided in Table. 1) with a CFX Connect Real-Time PCR
Detection System (BioRad) and GoTaq qPCR Mastermix (Promega),
using following thermal program starting with 3 min at 95 °C, followed
by 40 cycles of 95 °C for 10 s and 60 °C for 30 s.
2.11. Statistical Analysis

Data are shown as the average + S.D. of three or more independent
experiments. Statistical significance for multiple comparisons was
calculated using Student's t test or, when appropriate, Mann–Whitney
non parametric test.

According to the Bliss independence method (Bliss, 1939),
threshold for synergism was calculated using the following equa-
tion μ(1+2)exp. = [1 − (1 – μ1) × (1− μ2)], where μ(1+2)exp. is the
expected percentage of cells reactivated after combinatorial treat-
ment in absence of synergism and μ1 and μ2 correspond to the per-
centage of cells reactivated by the single treatments. The difference
between the observed percentage of cells activated by combination
treatment and the expected percentage (μ(1+2)exp) describes the
interaction between two treatments. Combination was considered
synergistic if the difference and its 95% normal confidence interval
(CI) were N0. Synergistic effect of BAFi's over SAHA + Prostratin
combination was calculated considering Prostratin + SAHA as a sin-
gle treatment.
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3. Results

3.1. Small Molecule Inhibitors of BAF Activate Latent HIV

We tested a panel of compounds (Figure S1 and Table S1), identified
in a screen for inhibitors of the BAF chromatin remodeling complex
(Dykhuizen et al., 2012) for their potential to activate latent HIV-1 in
J-Lat A2 (Fig. 1a) and J-Lat 11.1 (Fig. 1b) cells. These Jurkat clonal cell
lines contain, respectively, an integrated latent LTR-Tat-IRES-GFP virus
or a defective full-length HIV-1 genome expressing GFP in place of Nef
(Jordan et al., 2003). Six compounds significantly activated the latent
HIV-1 in both cell lines, however 3 of these displayed significant toxicity
at the concentrations tested in the screening. Therefore we focused on
A01, A11, and C09, the three BAF inhibitors displaying the strongest
capacity to activate latent HIV-1 while not significantly affecting cell
viability. Titration experiments indicated optimal concentrations for
these compounds in HIV-1 activation to be in the 0.5–2 μM range in J-
Lat cell lines (Fig. 1c).

As the BAF inhibitors were identified in a screen in mouse ES cells,
we set out to confirm their specificity in inhibition of the BAF complex
in human CD4+ T cells. Thus, we analyzed the gene expression profile
of humanCD4+T cells after siRNAdepletion of the BAF-specific subunit
BAF250a and compared it with the gene expression profile obtained
after treatment with BAFi's. J-Lat 11.1 cells were transfected with a
siRNA targeting the BAF250a subunit and the expression levels of the
LTR driven transcripts as well as those of endogenous BAF target
genes were analyzed by RT-qPCR 48 h after transfection. Depletion of
BAF250a was confirmed by RT-qPCR and Western blot analysis
(Fig. 2a). As observed previously (Rafati et al., 2011), depletion of
BAF250a resulted in activation of latent HIV-1 as determined by an
increase in expression of the HIV-1 LTR-driven P24 and GFP reporter
(Fig. 2b). Moreover, qRT-PCR analysis identified a set of endogenous
previously described BAF target genes which were positively or nega-
tively modulated after BAF250a knock down. In particular, BAF250a
depletion induced the expression of IL10 (Wurster et al., 2012), and
SOCS3 (Dykhuizen et al., 2012), and decreased the expression of TLR2,
MMP9, IFNß, and IL6 (Barker et al., 2001; Ni and Bremner, 2007)
(Fig. 2b). To determine the level of activity and specificity of the BAFi's,
we examined the gene expression profile of J-Lat11.1 cells 18 h after
treatment with A01, A11, and C09 (1 μM). Mirroring BAF250a
depletion, treatment with A11 and C09 upregulated IL-10 and SOCS3
while downregulating the expression of endogenous BAF target genes
TLR2,MMP9, INFβ, IL-6, whereas treatment with A01 resulted in signifi-
cant down-regulation of MMP9 only, together with a significant
upregulation of both IL-10 and SOCS3 (Fig. 2c). All BAFi's activated latent
HIV-1 as demonstrated by the increase in P24 and GFP expression
(Fig. 2c). Thus, inhibition of BAF with BAFi's functionally mimicked the
effect of siRNA depletion of BAF250a in modulating the expression of
endogenous BAF target genes and resulted in activation of the latent
HIV-1 as demonstrated by an increase in GFP and P24 expression.

To determine the direct effects of BAFi treatment on the latent HIV-1
promoter, we examined the BAF complex occupancy of the promoter by
ChIP assay. We have shown previously that, while bound to the latent
HIV-1 LTR, the BAF complex is displaced upon LTR activation (Rafati
et al., 2011). Similarly, as shown in Fig. 2d, the stimulation with the
BAFi's A11 and C09 results in the displacement of the BAF specific
subunit BAF250a, which is specifically enriched in the DHS1 and nuc-1
regions on the latent HIV-1 promoter. These results provide a direct
mechanistic evidence for the function of BAFi's in HIV-1 latency.

To investigate the mechanism mediating the activity of the BAFi's,
we analyzed the expression of the BAF subunits at the RNA and at the
protein level. To determine whether BAFi's directly affect the BAF
complex at the protein level, we quantitated the relative expression of
the BAF subunits BAF250a, BRG1, and INI-1 by Western blotting after
treatment with increasing concentrations of BAFi's (Figure S2a). Treat-
ment of cells for 36 h with increasing concentrations of A11 and C09
1



Fig. 1. Smallmolecule Inhibitors of the BAF complex (BAFi's) re-activate latent HIV. J-Lat A2 (Panel a) and 11.1 (Panel b) cellswere treatedwith BAFi's at 1 μMand 5 μMconcentrations and
re-activation quantitated at 24 and 48 h post treatment. Percent of GFP positive cells (left axes, dark colored bars), corresponding to the level of HIV-1 activation, and cell viability (right
axes light colored bars) were evaluated by FACS analysis. GFP levels of samples inwhich cell viability was below50% are not shown. HIV-1 activationwas considered significantwhen GFP
levels exceeded the average + 2SD of untreated controls (red horizontal line). Red squares identify BAFi's which induced activation of HIV-1 without significantly affecting cell viability.
These compounds were further investigated for their ability to activate HIV-1 transcription in 11.1 cells (Panel c). Data are presented as mean ± SD.
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resulted in a decrease in the BAF-specific subunit BAF250a protein
levels, while not affecting the BRG1 and INI-1 subunits. We observed a
decrease of BAF250a levels of up to 50% after treatmentwith the highest
concentrations of A11,while C09 treatment resulted in a substantial (up
to 70%) decrease in BAF250a (Figure S2a). At the RNA level, the expres-
sion of BAF250a did not change in response to BAFi's (Figure S2b),
excluding an indirect mechanism whereby BAFi's treatment would
cause a decrease in transcription of the BAF subunits. Conversely, the
negative effect of A11 and C09 on stability of BAF250a is consistent
with a mechanism of direct inhibition, in which destabilization and
degradation of BAF250a at the protein level results in the specific inhibi-
tion of the BAF complex.

3.2. HIV-1 Latency Reversal by BAFi's is Synergistically Enhanced by Co-
treatment With Prostratin and SAHA

Combination therapy using latency reversal agents (LRAs) targeting
different pathways is considered the most effective strategy for reacti-
vation of latent HIV-1 (De Crignis and Mahmoudi, 2014; Laird et al.,
2015). HDAC inhibitors (HDACi's) and PKC agonists are two promising
classes of compounds currently under clinical investigation for their
potential to reverse HIV-1 latency. HDACi's counteract the activity of
histone deacetylases which repress HIV-1 transcription by compacting
chromatin structure, whereas Prostratin induces translocation of NF-
κB to the nucleus where it binds to the HIV-1 LTR and activates its
transcription. To examine whether the combination of these mecha-
nisms with BAF inhibition would enhance the activation of latent HIV-
1 we evaluated the effect of SAHA and Prostratin after siRNA mediated
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knock down of BAF complex or treatment with BAFi's. The Bliss inde-
pendence model for combined drug effects was used to calculate the
threshold for synergism (Bliss, 1939; Zhao et al., 2014a).

J-Lat 11.1 cellswere treatedwith SAHAor Prostratin after nucleofection
with BAF250a-specific siRNA. siRNA treatment alone induced a lim-
ited activation of HIV-1 LTR as shown by the slight increase in the
percentage of GFP positive cells at 48 h; when BAF250a-depleted
cells were co-treatedwith Prostratin or SAHA, however, we observed
a synergistic or additive, respectively, increase in reactivation of
latent HIV-1 (Fig. 3a). Neither treatment significantly affected cell
viability. Notably, we observed a similar effect when BAF complex
activity was inhibited using BAFi's. J-Lat 11.1 cells were treated
with Prostratin or SAHA alone or together with increasing concen-
trations of A01, A11, and C09 ranging from 0.5 μM to 4 μM (Fig. 3b).
C09 demonstrated the most potent activity, synergistically enhanc-
ing HIV-1 transcription with both Prostratin and SAHA at all tested
concentrations, whereas combination of LRAs with either A01 or
A11 induced a synergistic or additive increase in activity depending
on the concentration tested as shown (Fig. 3b). Interestingly, all
BAFi's showed synergism used in triple treatment, i. e. when cells
were treated with a combination of SAHA and Prostratin together
with sub-optimal concentrations of BAFi's (Fig. 3c). We performed
Formaldehyde Assisted Isolation of regulatory Elements (FAIRE) in
order to examine the effect of BAFi's on the positioning of the latent
HIV-1 LTR nuc-1 (Fig. 3d). Consistent with the previously observed
HIV-1 activation and the displacement of BAF250a from DHS-1 and
Nuc-1 demonstrated by ChIP assay, treatment with BAFi's resulted
in a dose dependent remodeling of nuc-1 as demonstrated by



Fig. 2. Treatment with BAFi's specifically modulates BAF target genes, and displaces the BAF complex from the latent HIV-1 LTR. (Panel a) Knockdown of BAF complex was obtained by
nucleofecting J-Lat 11.1 cells with siRNA targeting the BAF complex specific subunit BAF250a. RNA levels of BAF250a were quantitated by RT PCR analysis, whereas protein levels of
BAF250a aswell as of the other subunits of the complexwere determined byWestern blot. RT-PCR analysis of J-Lat 11.1 cells after BAF250a knockdown (Panel b) or treatmentwith BAFi's
A01 (1 μM), A11 (1 μM) and C09 (1 μM) for 18h (Panel c). The effect of BAFi's treatmentwasmonitored analyzing the changes in gene expression of HIV-1 LTR driven genes (GFP,GAG) and
BAF target genes (TLR2,MMP9, IFNß, IL6, IL10, SOCS3). A set of BAF independent genes (CYCA2,MIP26, ß-ACTIN, ß-2-MICROGLOBULIN) was used as control. RT-qPCR data are presented as
mean ± SD. (Panel d) BAFi treatment results in displacement of the BAF complex-specific subunit BAF250a from DHS1 and nuc-1 regions of the HIV-1 LTR. J-Lat 11.1 cells untreated or
treated with BAFi's at indicated concentrations were subjected to ChIP using antibodies specific for the BAF250a subunit. Input and immunoprecipitated DNA were analyzed by PCR
using primer pairs specific for the HIV-1 LTR nuc-0, DHS1, and nuc-1 regions and for a control region located upstream of the Axin gene promoter. ChIP results are presented as percent
of immunoprecipitated material over input, error bars represent the standard deviation of three independent experiments. * indicates the level of significance at p b 0.05.
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increased accessibility of the DNA encompassing the positioned nuc-
1 (Fig. 3d and Figure S3). Moreover, BAFi-induced remodeling of
nuc-1 was also synergistically enhanced at the molecular level after
co-treatment with Prostratin (Fig. 3d and Figure S3b).

The striking synergism observed when cells were co-treated with
the BAFi C09 and the PKC agonist Prostratin was unexpected, as C09
or Caffeic Acid Phenethyl Ester (CAPE) has been previously described
to be an inhibitor of NF-κB, albeit at significantly higher concentrations
(Marquez et al., 2004; Natarajan et al., 1996; Wang et al., 2010). We
therefore examined the activity of C09 in a range of concentrations on
Prostratin-induced IκBα degradation and HIV-1 activation. At concen-
trations effective in latency reversal (0.5–2 μM), C09 did not inhibit
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IκBα degradation induced by Prostratin (Figure S4a). Moreover, while
synergistic with Prostratin in activation of the latent HIV-1 promoter
at low concentrations, C09 interfered with the ability of Prostratin to
re-activate latent HIV-1 when used at higher concentrations (30–
100 μM) (Figure S4b), consistent with its previously described activity
as an NF-κB inhibitor.

3.3. BAFi's Reverse HIV-1 Latency in Primary Infected CD4+T CellsWithout
Inducing Cell Activation

The main reservoir of latent HIV-1 in infected patients resides in
resting CD4+ T cells. Due to their extended life span and the capacity
3



Fig. 3.Re-activation of latent HIV-1 by BAF inhibition is synergistically enhancedwith co-treatmentwith HDACi's and PKC agonists. (Panel a) Percent of GFP positive cells was evaluated in
BAF complex depleted J-Lat 11.1 cells 24 and 48 h after treatmentwith suboptimal concentrations of Prostratin and SAHA. (Panel b and c) J-Lat 11.1 cells were treatedwith BAFi's A01, A11
and C09 alone or together with SAHA and-or Prostratin. HIV-1 re-activation was monitored by measuring the percentage of cells expressing GFP: colored bars show the percent of GFP
positive cells after treatment, whereas gray bars show cell viability. (Panel d) Levels of nucleosome occupancy of the HIV-1 5'LTR Nuc-1 region following treatment with BAFi's alone
and in combination with Prostratin were analyzed using FAIRE assay. Data are presented as mean ± SD. The (^) symbol indicates a synergistic interaction between treatments.
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of self-renewal these latently infected cells constitute the major barrier
to HIV-1 eradication and are the most relevant target to determine the
activity and efficiency of potential LRAs. Therefore, while T cell line
models of HIV-1 latency represent useful models for compound screens
and the initial molecular characterization of putative LRAs that requires
large scale techniques, it is critical that potential LRAs are characterized
also in primary T cell models of HIV-1 latency.

Several primary cell models of HIV-1 latency have been developed
and validated in past years. In this study we first tested the activity of
BAFi's using two in vitro primary models that recapitulate two different
mechanisms that are thought to mediate the establishment of HIV-1
latency in vivo (Fig. 4a and b). In the first model, initially developed
by O′ Doherty (Swiggard et al., 2005) and further modified by Lassen
and Greene (Lassen et al., 2012), primary cells are infected without
activation; the lack of specific transcription factors and the reduced
metabolic rate in resting cells prevents the establishment of a produc-
tive infection and drives the virus into the latent state (Fig. 4a). In
this model, infected cells mainly belong to the Transitional (CD4+
CD45RO+ CCR7- CD27+) and Central Memory (CD4+ CD45RO+
CCR7+ CD27+) populations. In the second method, developed by
Bosque and Planelles, primary CD4+ T cells are stimulated for three
days and infection is performed after removing the activating stimuli,
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i.e. during reversion to the resting state (Bosque and Planelles, 2009)
(Fig. 4b). Cells generated via thismodel acquire a phenotype that closely
resembles the CD4+ Central Memory population (CD4+ CD45RO+
CCR7+ CD27+), which is thought to harbor the majority of latent
proviruses in HIV-1 infected individuals under suppressive cART
(Chomont et al., 2009). In both protocols, cells were infected with a
defective virus harboring luciferase in place of the envelope gene and
latency reversal activity was monitored determining the levels of
luciferase activity 24 h after treatment with BAFi's.

To verify the activity of BAFi's on latent HIV-1, primary cells were
treated with increasing concentrations of A11 and C09, the two
compounds showing the maximum activity in cell line models of
latency. The range of concentrationswas selected based on their toxicity
profile on primary cells. We observed a dose dependent increase in
luciferase activity after treatment with C09 (Fig. 4c and d) with signifi-
cantly higher levels of luciferase activity compared to untreated control
at 1 μMand 2 μMconcentrations (p b 0.05). Treatmentwith A11 did not
induce significant activation of latent HIV-1, however we observed a
tendency towards activation at the highest concentration (10 μM).

CD4+ T cells obtained from virologically suppressed HIV-1 infected
patients are considered the most relevant model system for assessing
the efficacy of potential latency reversal compounds. In light of our



Fig. 4.BAFi treatment re-activates latentHIV-1 in twodistinct primarymodel systems ofHIV-1 latency. Latency reversal activity of theBAFi's A11 andC09was testedon twomodels of HIV-
1 latency. Panel a (Lassen and Greene) and b (Bosque and Planelles) depict the protocols for latency establishment in primary human CD4+ T cells. FACS plots show the characteristic of
the cells population at themoment of reactivation for eachmethod. Dotplots (Panels c and d) show the fold increase in luciferase activity after treatment with different concentrations of
A11 and C09. Each dot represents a single measurement, black horizontal lines show the average fold increase for each treatment. Experiments were performed in duplicate using cells
obtained from 6 healthy blood donors. Panel e shows the levels of cell associated HIV-1 RNA in CD4+ T cells isolated from three virologically suppressed HIV-infected patients after treat-
mentwith the BAFi's C09 and A11. Cells obtained from Patient 1 and Patient 2were further analyzed and treatedwith BAFi's in combinationwith Prostratin (Panel f). Cell associatedHIV-1
RNA was measured as the number of copies of HIV-1 POL per μg of input RNA; for each condition, bars represent the average of experiments performed at least in triplicate. Statistical
significance was calculated within patient, based on at least three independent replicates performed for each condition. Asterisks indicate the level of significance (* p b 0.05, **
p b 0.01, *** p b 0.001).
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results showing the activity of A11 and C09 in latency reversal in
primary ex-vivo infected cells, we sought to confirm these observations
in CD4+ T cells obtained from HIV-1 infected patients. Three patients
who maintained HIV-1 viremia below 50 copies/ml for at least two
years (Pt1 3 years; Pt2 2 years; Pt 3 3 years) were enrolled in the
study. Untouched total CD4+ T cells were purified from PBMCs and
used to assess the effect of BAFi's on the latent HIV-1 reservoir.
Treatment with BAFi's alone increased the levels of cellular associated
HIV-1 RNA in CD4+ T cells obtained from two out of three patients. In
this model, increase in HIV-1 transcription after BAFi treatment
mirrored the results obtained in the ex vivo infected primary cells:
C09 elicited HIV-1 transcription at 1 μMconcentration, and A11 showed
reversal activity at 20 μM, confirming the trend observed in the ex vivo
infected model (Fig. 4e). A variable response to treatment with de-
repressors in primary cells obtained from HIV-1 infected patients has
10
been observed previously (Archin et al., 2012; Wei et al., 2014; Laird
et al., 2015); however, even in absence of a detectable effect, the remov-
al of a repressive mechanism has been suggested to facilitate triggering
of transcription by enhancing noise and increasing the likelihood of
stochastic promoter activation (Dar et al., 2014). We therefore exam-
ined the effect of the co-treatment of BAFi's together with the PKC
agonist Prostratin on cells obtained from Patients 1 and 2. CD4+ T
cells obtained from Patient 1, which did not respond to BAFi's alone,
and CD4+ T cells obtained from Patient 2, which showed a BAFi-
induced increase in HIV-1 cellular associated RNA, were treated
with BAFi's alone or in combination with a sub-optimal concentration
of Prostratin. As shown in Fig. 4f, treatment with BAFi's enhanced
Prostratin-mediatedHIV-1 transcription, independently of the response
of cells to BAFi treatment alone. In particular, combination treatment
with A11 togetherwith Prostratin resulted in a significant enhancement
5
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of Prostratin-induced increase in cellular associated HIV-1 RNA in both
patients. Interestingly, C09, although capable of significantly inducing
latency reversal in patient cells when used alone, did not significantly
enhance Prostratin-mediated latency reversal, consistent with its role
in NF-κB pathway inhibition. Given this limitation, C09 will likely be
more effective in latency reversal combinations lacking PKC activators.
Taken together, these results showed that treatment with BAFi's either
alone or in combination with Prostratin resulted in latency reversal in
all three patients included in the study.

Activation of bystander uninfected cells is a side effect which can
be observed after treatment with LRAs (DeChristopher et al., 2012;
Korin et al., 2002). Massive stimulation of T cells can result in general
immune activation and thus will decrease the potential usefulness of
latency reversal molecules in clinical settings. To investigate the effect
of BAFi's on primary cells we treated human CD4+ T cells isolated
from healthy donors with A11 and C09 for 72 h, and determined
the levels of T cell activation and proliferation by flow cytometric anal-
ysis of CD25 and Ki67, respectively. Treatment with PMA-Ionomycin
was used as a positive control. As shown in Fig. 5, in contrast to
Fig. 5.BAF inhibitors donot induce T cell activation or proliferation. Percentage of cells expressin
CD4+ T cells treated with A11 and C09. Treatment with PMA/Ionomycin was used as a positiv
from three healthy blood donors. Images on the figure shows representative FACS plots for eac
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PMA, treatment with BAFi's did not induce CD25 (Fig. 5a) and Ki67
(Fig. 5b) expression compared to untreated control during 3 days of
treatment.

3.4. Treatmentwith BAF Inhibitors Prevents Latency Establishment in Jurkat
Cells

We have previously demonstrated that, in addition to its role in
maintenance of HIV-1 latency, the BAF complex also contributes to the
establishment of latency, as siRNAdepletion of BAF subunits significant-
ly decreased the incidence of latent infections in T cell lines (Rafati et al.,
2011). We therefore examined whether inhibition of the BAF complex
with A01, A11, and C09 interfered with the establishment of HIV-1
latency.

Jurkat cells were pre-treated with 1 μM A01, A11, or C09 for 30 min
prior to infectionwith an HIV-1 derived virus containing a GFP reporter,
LTR-Tat-IRES-GFP in presence of BAFi's. Percentage of GFP positive cells
and relative amount of integrated DNA were measured five days after
infection to evaluate infection efficiency. GFP-negative cell population
g themarkers of cell activation (CD25, panel a) andproliferation (KI67, panel b) in primary
e control. Bars represent the average ± SD of experiments performed on samples deriving
h marker.
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consisting of uninfected and potentially latently infected cells were
sorted by flow cytometry and stimulated with PMA. The percentage of
GFP positive, latently infected cells was then determined and quantitate
by FACS analysis (Fig. 6a). While treatment with A01 caused a slight
increase in productive integrations, treatment of cells with A11 and
C09 did not significantly affect the percentage of cells productively
infected with the HIV-1 derived virus (Fig. 6b and c). However, when
cells were treated with either A11 or C09, we observed a significant
decrease in the percentage of GFP positive cells after PMA treatment,
corresponding to a lower incidence of latent infections (Fig. 6d). Taken
together these data show that inhibition of BAF activity using A11 and
C09 interferes with the establishment of latency.

4. Discussion

Recent pharmacological efforts aimed at HIV-1 eradication have
focused on the development of “shock and kill” strategies, where HIV-
1 is induced from latency in order to render infected cell recognizable
to the immune system for clearance. We showed previously that the
BAF chromatin remodeling complex plays an important role in the
establishment and maintenance of HIV-1 latency, highlighting BAF as
an attractive molecular target in HIV-1 eradication efforts. We have
now tested a panel of small molecules, recently discovered in a screen
for inhibition of BAF activity, for their potential to reverseHIV-1 latency.
Treatment with BAFi's results in activation of latent virus in cell line as
well as primary cell models harboring latent HIV-1. BAFi's constitute a
group ofmolecules including compoundswith different chemical struc-
tures targeting BAF activity with different degrees of specificity and
potency. In the present screening we found the highest levels of HIV-1
activation for two compounds, A11 and C09.

A11, or Pyrimethamine (PYR), is an FDA approved licensed anti-
protozoan drug which has been used to control opportunistic infections
in HIV-1 infected patients (Rosenblatt, 1999; Klinker et al., 1996;
Mathanga et al., 2011). Consistent with our results describing PYR as
an activator of HIV-1 transcription, a previous report has shown that
PYR, in the 10–100 μM range, can enhance HIV-1 replication in vitro in
Fig. 6. Inhibition of BAF prevents the establishment of latent HIV+ infections. (Panel a) FACS p
sorted (left panel)fivedays after infections. Following sorting, the GFP-negative population (mid
48 h after reactivation (right panel). (Panel b) Infection efficiency in untreated vs BAFi's treate
productive infections) 5 days after infection. (Panel c) Proviral load from the infected populatio
to untreated control. (Panel d) GFP-negative population (containing uninfected as well as latent
itive cells (i.e. latently infected cells) for each treatment. Data are presented as mean ± SD, * in
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human PBMCs (Oguariri et al., 2010). C09, caffeic acid phenetyl esther
(CAPE), is a bioactive compound found in many plants and isolated
from honey bee propolis (Wu et al., 2011) shown to possess anti-
inflammatory and immunomodulatory capacities (Tolba et al., 2013).
CAPE, currently under clinical investigation (Clinical trial.gov identifier:
NCT02050334 and NCT02351622), has been proposed in the treatment
of several diseases including thrombocytopenia and cancer. CAPE has
also been shown to function as a non-competitive inhibitor of the en-
zyme HIV-1 integrase and thus inhibits HIV-1 replication (Fesen et al.,
1994). In the 0.5–2 μM concentration range in which CAPE efficiently
reactivates latent HIV-1, we did not observe an inhibitory effect on
HIV-1 integration. We did however observe a decreased propensity for
latency establishment in Jurkat cells in presence of low concentrations
of both PYR and CAPE, mimicking decreased latency establishment
upon siRNA mediated depletion of BAF shown previously (Rafati et al.,
2011). The ability of BAFi's to prevent establishment of latency is of
great interest in light of their potential use as LRAs. Indeed, despite
the high efficiency of cART, the concentrations of antiretroviral drugs
might not reach the optimal levels in some anatomical compartments.
If reactivation of latent HIV-1 takes place in these compartments, de
novo infections may occur and possibly lead to the establishment of a
new reservoir. The use of LRAs that also inhibit infection and latency
establishment, such as BAFi's and Romidepsin (Jonsson et al., 2015),
could therefore increase the overall safety of latency reactivation
strategies.

One important clinical consideration to be made in evaluating the
potential of candidate molecules for latency reversal is whether they
are able to generate sufficient levels of HIV-1 activation without induc-
ing immune activation. Using two primary cell models of latency, we
found that BAFi's induce reversal of HIV-1 latency in primary CD4+ T
cells, which represent the main target of HIV-1 infection and harbor
the majority of latent virus. Importantly, treatment of primary cells
with BAFi's, at concentrations which efficiently induce latency reversal,
did not result in cell proliferation nor caused general activation of
primary CD4+ T cells. We also examined the activity of BAFi's in
CD4+ T cells obtained from three long-term virologically suppressed
lots show the protocol for quantification of latently infected cells. GFP-negative cells were
dle panel)was stimulatedwith PMAand the percentage of reactivated cellswasmeasured
d samples was determined by FACS. Bars represent the percent of GFP positive cells (i.e.
n was measured by Alu-PCR. Bars represent the relative amount of HIV-1 DNA compared
ly infected cells) was treatedwith PMA for 48 h. Bars represent the percentage of GFP pos-
dicates the level of significance at p b 0.05.
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HIV-1 infected patients, as this model is currently considered the most
relevantmodel of latency. Thepatients included in our studywere treat-
ed for at least 3 years and showed no sign of viral replication for at least
2 years. In fully suppressed c-ART treated patients, the presence of HIV-
1 in activated T cells has been shown to be negligible (Finzi et al., 1997).
To assess BAFi-mediated latency reversal, we therefore used total CD4+
patient T cells that include both activated and resting T cells as a surro-
gate for resting CD4+T cell response, an approach also used in other re-
cent studies to examine latency reversal ex vivo (Wei et al., 2014; Jiang
et al., 2014, 2015).

In Patient 2 and 3, treatmentwith BAFi's alone increased the levels of
cellular associatedHIV-1 RNA. Although limited, the two fold increase in
HIV-1 cellular associated RNA levels observed is similar to the modest
effects of BAFi treatment alone observed in both cell line models and
in vitro infected primary cells, and is consistent with de-repression,
which results from removal of an LTR-bound repressive complex.
Similar levels of activity have been observed for other candidate LRAs
such as Vorinostat, Disulfiram, JQ1, and Romidepsin (Jiang et al., 2014;
Laird et al., 2015; Wei et al., 2014). Importantly, many of the putative
LRAs which showed limited latency reversal activity when used alone,
have been shown to effectively induce HIV-1 transcription when used
in combination (Laird et al., 2015; Spivak et al., 2015; Barton et al.,
2014). Similarly, in cells obtained from both Patient 1, in which treat-
ment with BAFi's alone did not upregulate the levels of HIV-1 RNA,
and Patient 2, which responded to BAFi treatment, co-treatment using
PYR together with the bona fide activator Prostratin resulted in signifi-
cant enhancement of Prostratin mediated HIV-1 activation.

Interestingly, although CAPE when used alone induced significant
latency reversal in cells from two of the three patients examined, it
did not result in significant enhancement of Prostratin-mediated laten-
cy reversal. This lack of synergy is likely due to the described effect of
CAPE in inhibition of NF-κB. At high concentrations (10–85 μM) CAPE
has been shown to block phosphorylation and degradation of IκB
(Zhao et al., 2014b; Wang et al., 2010; Shvarzbeyn and Huleihel,
2011), and to inhibit translocation and DNA binding of p65 (Natarajan
et al., 1996; Marquez et al., 2004). It is noteworthy that, in our experi-
mental setting, CAPE was effective in activating latent HIV-1 at concen-
trations ranging from0.5 to 2 μM.At these relatively low concentrations,
CAPE showed significant synergy in latency reversal and did not show
an inhibitory effect towards either Prostratin-induced activation of
latent HIV-1 or Prostratin-mediated degradation of IκB in cell lines.
The difference between cell line and patient cell response to CAPE in
latency reversal highlights the importance of validation of potential
LRA activity in primary cells.

Another clinical consideration in appraising the potential for candi-
date LRAs, is the question of target specificity; most LRAs currently
under investigation target chromatin modifying factors or transcrip-
tional pathways, which are essential for normal regulation of host
gene expression. Targeting these complexes will therefore have pleio-
tropic consequences and result in mis-regulation of host gene expres-
sion as it was recently shown for SAHA (Elliott et al., 2014). Similarly
to SAHA, treatment with BAFi's, particularly at high concentrations,
may result in adverse pleiotropic effects, including induction of genes
counteracting HIV-1 activation (White et al., 2015). Further studies,
such as transcriptome and proteome analysis, are needed to determine
the array of cellular modifications induced by these compounds. In
this context, inclusion of distinct LRAs, which function via different
molecular targets in a combination therapy, would decrease the adverse
pleiotropic effects of each compound, decrease toxicity issues, and
provide a higher degree of specificity for the HIV-1 LTR.

Transcription of integrated HIV-1 is stochastic, and reversal of the
latent state using a single agent canbe limited by specific factors, includ-
ing restrictions posed by the site of integration of the virus and its
molecular environment, subtypes of the latent virus and their suscepti-
bility to a single agent, and the cell type in which latency is established.
Data obtained from in vitro cell line HIV-1 latency models support the
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effectiveness of combinatorial approaches for the synergistic activation
of HIV-1 transcription. These synergistic effects are likely the result of
the combination of two mechanisms: the removal or decrease in a
repressive chromatin environment together with the triggering and
recruitment of bona fide activators. Combination of Prostratin with
HDACi's results in synergistic activation of HIV-1 in vitro (Reuse et al.,
2009; Ying et al., 2012; Qu et al., 2013; Burnett et al., 2010; Pandeló
et al., 2014; Micheva-Viteva et al., 2011) as well as ex vivo (Laird
et al., 2015). Similarly, BAFi-mediated reversal of transcriptional latency
was synergistically enhanced when latent cells were co-treated with
the HDAC inhibitor SAHA or the PKC agonist Prostratin. FAIRE assays
indicate remodeling of the repressive LTR nuc-1 in response to BAFi
treatment at the molecular level, and demonstrate the molecular
synergism between Prostratin and BAFi's leading to eviction of nuc-1.
These findings point to the importance of combining molecules that
target multiple pathways to disrupt and reverse the latent transcrip-
tional state of the virus in shock and kill strategies.

Our data highlights the potential of BAFi's as a source of molecules
for inclusion in latency reversal therapies. BAFi's effectively reverse
latency either alone or in combination with Prostratin in all three
patients enrolled in this study. A caveat of the current study is the lim-
ited number of patients enrolled, which does not allow for a strong
statistical validation of the effect of BAFi's across patients. Nevertheless,
although not sufficient to fully recapitulate the variability in response to
LRAs across patients, the data from the three included patients support
our observations in cell lines and other primary models of latency.
As with other molecules currently under clinical characterization in
latency reversal, it is conceivable that with BAF inhibitors too, there
will be some variability in patient response. Thus ex vivo studies per-
formed on a larger number of HIV-1 infected patients are required in
order to statistically validate the present observations. These studies, to-
gether with proof-of-concept clinical studies are the necessary next
steps in order to further characterize the potency and applicability of
BAFi's to reverse the latent HIV-1 reservoir in vivo. Given their demon-
strated promising activity and the available information concerning
their toxicity and pharmokinetics profiles, CAPE and PYR, represent at-
tractive candidates for future clinical development. Further screenings
will likely identify additional molecules targeting HIV-1 latency via
counteracting the activity of the repressive BAF complex. Importantly,
since targeting a previously unexplored pathway, this promising class
of drugs has high potential for inclusion in combination therapy.
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Figure S1. Chemical structures of compounds tested for HIV-1 latency reversal potential. 
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Figure S2. Treatment with BAFi’s induces degradation of BAF250a 

(a) Western blot analysis showing the levels of different BAF complex subunits after treatment

with BAFi’s. The numbers on top of the gel images represent the relative intensity of each band 

according to ImageJ software analysis. 

(b) RT-qPCR analysis of BAF250a expression after treatment with BAFi’s. RT-qPCR data are

presented as mean ±SD. 
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Figure S3. BAFi-induced remodeling of HIV LTR. 

(a) FAIRE across nuc-0 and nuc-1 regions in J-Lat 11.1 cells treated with increasing

concentrations of BAFi’s. 

(b) Effects of BAFi’s and Prostratin co-treatment on chromatin remodeling of nuc-1 region in J-

Lat A2 cell line. Bars represent the enrichment of nuc-0 and nuc-1 over an control region. Data 

are presented as mean ±SD. 

114



Figure S4. BAFi C09 in 0.5-2μM concentration range does not inhibit NFκB-mediated 

activation of latent HIV-1. 

(a) J-Lat 11.1 cells were pretreated for 30 minutes with indicated concentrations of C09. Cells

were stimulated with 2 μM Prostratin for 45 minutes and incubated at 37oC in a humidified 95% 

air/ 5% CO2 atmosphere. Cells were then lysed and lysates subjected to western blot analysis using 

antibodies specific for IκBα and Tubulin. The numbers below each band represent the relative 

intensity of each band compared to the untreated control according to ImageJ software analysis. 

(b) J-Lat 11.1 cells were pretreated for 30 minutes with indicated concentrations of C09. Cells

were stimulated with 2 μM Prostratin or left unstimulated for 12 hours and incubated at 37oC in a 

humidified 95% air/ 5% CO2 atmosphere. Percent of GFP positive cells (left axes, black bars), 

corresponding to the level of HIV-1 activation, and cell viability (right axes grey bars) were 

evaluated by FACS analysis. 
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Table S1. List of BAF inhibitors included in the screening 

A01 BRD-K70161581-001-01-5 
https://pubchem.ncbi.nlm.nih.gov/substance/ 
85815116#section=Identity, 29 september 2015 

A03 BRD-K36007650-001-01-9 

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, 
Weissig H, Shindyalov IN, Bourne PE: The Protein Data Bank. 
Nucleic Acids Res. 2000 Jan 1;28(1):235-42 

A05 BRD-K63750851-001-06-6 

Bernard J. Abbott, John G. Whitney, "Method of preparing 
mycophenolic acid glucoside." U.S. Patent US4234684, issued 
January, 1976. 

A07 BRD-K81473043-001-08-8 

https://ncit.nci.nih.gov/ncitbrowser/pages/concept_details. 
jsf?dictionary=NCIThesaurus&version=15.08e&code=C37899& 
ns=NCI_Thesaurus&type=properties&key=null&b=1&n=0&vse 
=null 

A09 BRD-K81609421-001-01-4 
https://pubchem.ncbi.nlm.nih.gov/substance 
/85834545#section=Top, 29 september 2015 

A11 BRD-K88429204-001-18-7 
Ansdell VE, Wright SG, Hutchinson DB. Megaloblastic 
anaemia associated with combined pyrimethamine and co-
trimoxazole administration. Lancet. 1976 Dec 4;2(7997):1257. 

A13 BRD-K53795576-001-01-8 
https://pubchem.ncbi.nlm.nih.gov/substance 
/85814970#section=Top, 29 september 2015 

A15 BRD-K72615639-001-01-0 
https://pubchem.ncbi.nlm.nih.gov/substance 
/85814973#section=Top, 29 september 2015 

A17 BRD-K92093830-003-25-8 

Tan C, Tasaka H, Yu KP, Murphy ML, Karnofsky DA. 
Daunomycin, an antitumor antibiotic, in the treatment of 
neoplastic disease. Clinical evaluation with special reference to 
childhood leukemia. Cancer. 1967 Mar;20(3):333-53. 

A19 BRD-K03067624-001-01-5 

Tan GT, Pezzuto JM, Kinghorn AD, Hughes SH. Evaluation of 
natural products as inhibitors of human immunodeficiency virus 
type 1 (HIV-1) reverse transcriptase. J Nat Prod. 1991 Jan-
Feb;54(1):143-54. 

A21 BRD-K21680192-001-11-4 
Fesen MR, Kohn KW, Leteurtre F, Pommier Y. Inhibitors of 
human immunodeficiency virus integrase. Proc Natl Acad Sci 
U S A. 1993 Mar 15;90(6):2399-403. 

A23 BRD-K80348542-001-01-4 

Tan GT, Pezzuto JM, Kinghorn AD, Hughes SH. Evaluation of 
natural products as inhibitors of human immunodeficiency virus 
type 1 (HIV-1) reverse transcriptase. J Nat Prod. 1991 Jan-
Feb;54(1):143-54. 

B01 BRD-K50778578-001-02-3 
https://pubchem.ncbi.nlm.nih.gov/substance 
/131404656#section=Top, 29 september 2015 

C01 BRD-K08554278-001-02-4 
https://pubchem.ncbi.nlm.nih.gov/compound 
/1464#section=Information-Sources, 29 september 2015 

C03 BRD-K36055864-001-16-8 
Dinsdale D., Colchicine-induced lesions in the rat duodenum. 
Pathol Eur. 1975;10(2):95-104. 

C05 BRD-K82837433-001-01-6 
https://pubchem.ncbi.nlm.nih.gov/substance/85814974,        
29 september 2015 

C07 BRD-K91370081-001-04-6 
Alarcón B, Lacal JC, Fernández-Sousa JM, Carrasco L., 
Screening for new compounds with antiherpes activity. 
Antiviral Res. 1984 Oct;4(5):231-44. 

C09 BRD-K96188950-001-04-5 
Fesen MR, Kohn KW, Leteurtre F, Pommier Y. Inhibitors of 
human immunodeficiency virus integrase. Proc Natl Acad Sci 
U S A. 1993 Mar 15;90(6):2399-403. 
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SUMMARY et al., 2013; Maartens et al., 2014). Despite being highly efficient

in stopping active viral replication, anti-retroviral drugs do not
e

The persistence of a pool of latently HIV-1-infected
cells despite combination anti-retroviral therapy
treatment is the major roadblock for a cure. The
BAF (mammalian SWI/SNF) chromatin remodeling
complex is involved in establishing and maintaining
viral latency, making it an attractive drug target for
HIV-1 latency reversal. Here we report a high-
throughput screen for inhibitors of BAF-mediated
transcription in cells and the subsequent identifica-
tion of a 12-memberedmacrolactam. This compound
binds ARID1A-specific BAF complexes, prevents
nucleosomal positioning, and relieves transcriptional
repression of HIV-1. Through this mechanism, these
compounds are able to reverse HIV-1 latency in an
in vitro T cell line, an ex vivo primary cell model of
HIV-1 latency, and in patient CD4+ T cells without
toxicity or T cell activation. These macrolactams
represent a class of latency reversal agents with
unique mechanism of action, and can be combined
with other latency reversal agents to improve reser-
voir targeting.

INTRODUCTION

Since the discovery of HIV-1 as the causative agent of AIDS in

1983 (Barré-Sinoussi et al., 1983), enormous progress has

been made in treating HIV-1 infections and prolonging the life-

span of HIV-1-infected individuals. State-of-the-art treatment is

a cocktail of drugs acting on different viral targets, known as

combination anti-retroviral therapy (c-ART). c-ART is extremely

effective at suppressing HIV-1 to undetectable levels, preventing

progression to AIDS; however, treatment must bemaintained for

life and, as of yet, HIV-1 eradication is not achievable (Deeks

Cell Ch
12
target latently infected cells that harbor replication competent

but transcriptionally silent proviruses. Latently infected cells

persist in the body for life and, not being targeted by either

c-ART or immune cells, they constitute the viral reservoir (Chun

et al., 1997; Finzi et al., 1997, 1999). When these cells are acti-

vated, transcription from latent HIV-1 provirus is induced and,

in the absence of c-ART, viral replication rebounds (Chun

et al., 2010; Dahabieh et al., 2015; De Crignis and Mahmoudi,

2017; Ruelas and Greene, 2013; Siliciano et al., 2003).

Currently, there are two major non-redundant strategies to

eliminate this population of latently infected cells in HIV-1-in-

fected individuals (Churchill et al., 2016; Cillo and Mellors,

2016; Margolis, 2017; Siliciano and Siliciano, 2016). The first

approach is harnessing the immune system to eliminate latently

infected cells (Barouch and Deeks, 2014; Brockman et al., 2015;

Martrus and Altfeld, 2016; Perreau et al., 2017; Trautmann,

2016); the second, also known as the ‘‘shock-and-kill’’ strategy,

is aimed at inducing HIV-1 transcription in latently infected cells

such that all cells harboring replication competent virus can be

targeted by the immune system (Deeks, 2012; Margolis and

Archin, 2017; Margolis et al., 2016; Rasmussen et al., 2016).

HIV-1 latency is established and maintained through complex

genetic and epigenetic mechanisms that create a specific

repressive chromatin configuration at the viral promoter or

50-long terminal repeat (LTR) (Verdin, 1991; Verdin et al., 1993).

Active HIV-1 transcription is driven by Tat and its multiple

activating co-factor complexes, while HIV-1 latency is driven

through epigenetic regulators that maintain increased nucleo-

some occupancy at the 50-LTR (Kumar et al., 2015; Mbonye

and Karn, 2014; Turner and Margolis, 2017; Van Lint et al.,

2013). Histone deacetylases (HDACs) play a prominent role in

the repressive chromatin environment that drives HIV-1 latency

and, as such, HDAC inhibitors are able to reverse HIV-1 latency

in in vitro and ex vivo models (Archin et al., 2014, 2012; Conrad

and Ott, 2016; De Crignis and Mahmoudi, 2017; Rasmussen

et al., 2013; Sheridan et al., 1997; Van Lint et al., 1996; Wei

mical Biology 25, 1–13, December 20, 2018 ª 2018 Elsevier Ltd. 
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screening of BAF inhibitors, we developed a knockin luciferase

reporter of BAF transcriptional repression. We used homologous

recombination to construct a mESC line with firefly luciferase

et al., 2014; Wightman et al., 2013). Results from clinical trials, 
however, indicate that the HDAC inhibitors tested are unable to 
significantly reduce the frequency of latently infected cells (Elliott 

et al., 2014; Rasmussen et al., 2013; Spivak and Planelles, 2016; 
Søgaard et al., 2015; Delagrè verie et al., 2016). Among the alter-
native epigenetic targets being investigated for reversing HIV-1 
latency, one potential candidate is the mammalian SWI/SNF 
chromatin remodeling complex, BAF, which has been shown 
to contribute to HIV-1 transcriptional repression (Boese et al., 
2009; Rafati et al., 2011; Van Duyne et al., 2011). BAF complexes 
are multisubunit ATP-dependent chromatin remodelers known 
for their roles in development and cancer (Ho and Crabtree, 
2010; Hodges et al., 2016; Pulice and Kadoch, 2017). In latent 
cells harboring HIV-1 proviruses, BAF complexes are required 
for maintaining increased nucleosome density immediately 
downstream of the HIV-1 transcription start site (Rafati et al., 
2011). During latency reversal, the closely related PBAF com-

plex, which shares many of the same subunits, replaces BAF 
and directly or indirectly promotes removal of the repressive 
Nuc-1, activating HIV-1 transcription (Agbottah et al., 2006; Eas-
ley et al., 2010; Mahmoudi et al., 2006; Rafati et al., 2011; Tré and 
et al., 2006; Van Duyne et al., 2011). Consistent with the pivotal 
role of the BAF complex in HIV-1 latency, a recent report demon-

strated that the latency reversal activity of BRD4 bromodomain 
inhibitors is due to the requirement for a short BRD4 isoform 
that recruits BAF to the HIV-1 50 LTR (Conrad et al., 2017).

Inhibitors specifically targeting the ARID1A subunit-containing 
BAF complex (but not PBAF) would be invaluable as HIV-1 
latency reversal agents (LRAs). We recently reported a me-

dium-throughput screen using qRT-PCR to identify compounds 
that alter the transcription of BAF target genes in mouse embry-

onic stem cells (mESCs) (Dykhuizen et al., 2012), and several 
compounds identified from this screen displayed an ability to 
reverse HIV-1 latency; however, many of these compounds 
have known targets besides BAF, raising the possibility for toxic 
off-target effects (Stoszko et al., 2016). To identify specific and 
non-toxic small molecule inhibitors of the BAF complex, we 
developed a high-throughput assay for screening large libraries 
of diverse small molecules in embryonic stem cells (ESCs). 
From a screen of almost 350,000 compounds, we identified a 
12-membered macrolactam scaffold with low toxicity in cells 
and the ability to regulate a panel of BAF target genes. These 
macrolactams reverse HIV-1 latency in several relevant in vitro 
cell line and primary cell models of HIV-1 latency. In addition, 
they enhance the activity of other clinically used LRAs targeting 
HDACs and protein kinase C (PKC). Target identification exper-
iments implicate ARID1A-containing BAF complexes as the
primary target, and the compounds act to reverse HIV-1 latency 
by reducing repressive nucleosome occupancy at the 50 LTR.

RESULTS

Development and Confirmation of a Luciferase Reporter 
Cell Line
In murine ESCs the BAF complex is essential for maintaining 
repression of certain polycomb repressive complex 1 subunit 
genes, including Bmi1 and Ring1a, while activating genes 
involved in maintaining the pluripotent state, such as Fgf4 (Dy-
khuizen et al., 2012; Ho et al., 2009). For high-throughput
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inserted at exon 1 of Bmi1. Southern blotting confirmed suc-

cessful recombination of the original targeting vector, as well

as subsequent Cre-mediated excision of the Neo selection

marker (Figure 1A). To confirm that the reporter linewas a reliable

indicator of esBAF-mediated repression of Bmi1, we knocked

down the gene encoding the BAF ATPase BRG1 using lentiviral

shRNA. Three days after infection, a stable 4-fold increase in

luciferase levels was observed when corrected for cell number,

indicating successful de-repression of Bmi1 (Figure 1B). In an

effort to simplify the requirements for high-throughput screening,

we performed the Brg1 knockdown without correcting for cell

number and found that the reporter line still displays robust

3-fold induction of luciferase 72 hr after infection with shBrg1-

expressing lentivirus (Figure 1B).

High-Throughput Assay Development

The knockin ESC line was generated on mouse embryonic fibro-

blasts (MEFs) as a feeder layer, which is not compatible with

high-throughput screening. Therefore, we first made the cell

line feeder free by passaging at high density five times on gelatin.

While we previously developed methods to gelatin coat 384-well

plates (Dykhuizen et al., 2012), this was not feasible for this scale

of screening effort. Instead we identified the Corning High Bind

surface to support normal ESC morphology and normal alkaline

phosphatase levels (indicative of maintained pluripotency)

compared with gelatin-coated plates (Figure S1A). The assay

was optimized in 384-well format at the Broad Institute Probe

Development Center. The coefficient of variance for firefly

luciferase reading across a 384-well plate was 4.5% and, using

a non-specific hit identified in the pilot qRT-PCR screen (com-

pound 63) as our positive control (Dykhuizen et al., 2012), we

calculated a Z factor of 0.6, indicating a robust screen

(Figure 1C).

High-Throughput Screen

We screened 347,670 compounds in duplicate (Figure S1B for

illustration of reproducibility). The compounds included the

MLPCN validation set of natural products, known bioactives,

commercially available compound libraries, and compound

libraries designed by scientists at the Broad Institute (PubChem

assay entry AID 602393 for full description of library). We defined

hits as compounds with luciferase inductions that were at least 3

SDs above the mean, which corresponded to approximately

40% of the maximal activity observed with Brg1 knockdown.

We identified 7,048 hits (hit rate of 2%), which is high but not

unexpected from cell-based luciferase assays, which tend to

identify non-specific luciferase stabilizers (Auld et al., 2008).

Hits identified in more than five luciferase screens or more than

10% of luciferase screens on PubMed were eliminated, as

were compounds containing functional groups with known

reactivity, including a-chloroketones, imines, and nitro groups.

This resulted in a refined hit list of 1,157 compounds for a hit

rate of 0.33%, more in line with the expected hit rate for a robust

screen (see Figure S1C for summary of the screening tree). We

rescreened the 1,157 compounds at eight doses in the cell-

based luciferase assay as a confirmatory assay along with a

counter-screen for viability. We confirmed 548 hits with the con-

centration giving half-maximal response (EC50) less than 10 mM



and toxicity EC50 greater than 30 mM. We then treated cells with

these hits at a single dose (30 mM) in the qRT-PCR screen previ-

ously reported (Dykhuizen et al., 2012). From this secondary

n-propyl amide (BRD-K83694683), n-propyl urea (BRD-

K21001652), and isopropyl urea (BRD-K98645985). Re-evalua-

tion of hit BRD-K98645985 in the luciferase assay provided an

Figure 1. High-Throughput screen for Inhibitors of BAF-Mediated Transcriptional Repression
(A) The generation of a luciferase knockin at the Bmi1 locus using homologous recombination in mouse ESCs and validation using Southern blot analysis.

(B) Validation of the Bmi1-luciferase reporter cell line using lentiviral-mediated knockdown of Brg1 either with (above) or without (below) normalizing by cell

number. RLU, relative light units. Error bars represent mean ± standard deviation. n = 3.

(C) The robustness of the screen was determined using positive control compound 63.

(D) The five hits identified from high-throughput screening efforts.

See also Figure S1.
assay, we found five compounds that increase Bmi1 at least

6-fold, and Ring1 at least 2-fold, and decreased Fgf4 at least

5-fold (Figure 1D). STK177924, a known non-specific pan-assay

interference (PAINS) scaffold, was eliminated (Figure 1D) (Baell

and Holloway, 2010). We next used chemoinformatics to inves-

tigate the structure activity relationship (SAR) of the thiophene

(MLS003122856) from the primary screen and developed a small

library of analogs to explore additional SAR for linker attachment

(Figure S1D). The biotin-linked compound on solid support failed

to enrich subunits of the BAF complex from lysates (Figure S1E),

and, in addition, this compound had only moderate HIV latency

reversal activity (Figure S1F). Therefore, while the thiophene

may have interesting biological activity worth investigating, there

is substantial evidence that it does not directly target the BAF

complex or phenocopy the effects of BAF deletion in latent

HIV-1-infected T cells.

Broad Diversity-Oriented Synthesis Library
Macrocycle SAR
The three remaining hits shared a similar macrocyclic scaffold

with only slight variations of substituents off macrocycle aniline:
12
EC50 of approximately 2.37 ± 0.98 mM (Figure 2A). In addition,

we observed a 5-fold increase in Bmi1, 2.6-fold increase in

Ring1, and 3.3-fold decrease in Fgf4 upon treatment with

30 mM compound, a profile that closely mimics Brg1 knockout

(KO) (Figure 2B). We observed no toxicity to ESCs up to 30 mM

(Figure 2C), or to HepG2, HEK293T, and A549 cells (Figure S2A),

increasing enthusiasm for this scaffold. The three hits containing

this scaffold are members of the diversity-oriented synthesis

(DOS) library synthesized using head-to-tail scaffold design

(Fitzgerald et al., 2012). The primary screen contained 3,618

compounds containing the same 12-membered macrolactam

scaffold. Substituents off the scaffold vary at two positions

(R1 off the core aniline and R2 off the core secondary amine)

and the stereochemistry varies at three positions along the ring

(C2, C5, and C6). While all stereoisomers with varying stereo-

chemistry at C2, C5, and C6 were included for BRD-

K98645985, BRD-K83694683, and BRD-K21001652, all of the

top hits have the same stereochemical configuration. Taking a

closer look at the primary screen scores for the eight stereoiso-

mers of BRD-K98645985, the stereoisomer S,S,R showed

significantly increased activity over the other stereoisomers,
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2-phenyl pyridine at R2 increased the cLogP from 3.5 to 4.2,

which, in conjunction with a lowered efflux ratio, could indicate

that the increased activity is due to improved cell permeability

Figure 2. Twelve-Membered Macrolactams Are Inhibitors of BAF-Mediated Transcription

(A) The EC50 was measured for the best screen hit BRD-K98645985 after 24 hr compound treatment with the Bmi1-luciferase reporter cell line. Each concen-

tration was dosed in triplicate.

(B) The fold change of the transcription of three BAF target genes was calculated using qRT-PCR after 18 hr BRD-K98645985 treatment (30 mM) or Brg1

knockdown compared with untreated cells. Gene expression was normalized to GAPDH levels. Error bars represent mean ± standard deviation. n = 3.

(C) Viability measurements in wild-type ESCs were performed after 72 hr of compound or DMSO treatment using CellTiter-Glo.

(D) The SAR of the eight stereoisomers of BRD-K98645985 based on initial luciferase induction from the primary screen.

(E) The SAR of the 3,618 macrolactam library members based on initial luciferase induction from the primary screen.

See also Figure S2.

supporting a specific target (Figure 2D). A similar profile 
was observed for BRD-K83694683 and BRD-K21001652 
(Figure S2B).
To further define the SAR from initial screen data, we also 
looked at varied substituents at two positions, R1 and R2 (Fig-

ure 2E). The most common building block used at R1 was n-pro-
pyl amide, which was included in 218 macrolactam library 
members. For these 218 library members, R2 groups included 
aliphatic groups, aromatic groups, and sulfonamides, but only 
compounds with 2-phenyl pyridine moiety at R2 were hits in 
the primary screen. To ensure that the preference for 2-phenyl 
pyridine is not due to non-specific interactions, we also looked 
at the 75 compounds in the initial compound library that con-
tained the 2-phenyl pyridine moiety and confirmed that only 
the DOS macrolactams were hits. Substituting phenyl for
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(Over et al., 2016). There were 26 compounds that contained

the 2-phenyl pyridine at position R2 and varying substituents at

R1 and all were hits to some degree in the primary screen. This

likely indicates that the R1 position is more permissible to varia-

tion than the R2 position; however, the variations at R1 in the

screen were minimal, including only simple aliphatic groups

connected via amides, ureas, and carbamates.

Solution Phase Macrolactam Library
Based on these initial SAR data, we synthesized a 30-

membered library to further investigate substitutions at the R1

and R2 positions (Figure 3). For this library, we developed a



solution phase synthesis based on the previously published

solid phase synthesis of the scaffold with minor alterations (Fig-

ure S3) (Fitzgerald et al., 2012). For the 30 library members, we

was similar in this assay (Figure 4A); however, since BRD-

K80443127 displayed slightly higher activity at low concentra-

tions, we continued with this carbamate analog for further

A B
Figure 3. The SAR between Members of a

Solution Phase 12-Membered Macrolactam

Analog Library

(A andB) A solution phase library of 30 analogs was

synthesized and tested to further explore SAR for

compounds with variations at (A) the aniline (R1)

and (B) the secondary amine (R2). Activity was

defined as the EC50 in the luciferase reporter

screen and as the fold transcriptional change of

three BAF targets (Bmi1, Ring1, Fgf4) at a single

compound concentration (30 mM) determined

using qRT-PCR. n = 3. Data presented as mean ±

SD. NA, no activity. See also Figure S3 and

Table S1.
performed the luciferase screen in dose and also calculated the

fold change in Bmi-1, Fgf4, and Ring1 at a single dose (30 mM)

using qRT-PCR (Figures 3 and S3). We found high correlation

between activity in the two assay formats. We varied substitu-

ents at the R1 position and confirmed that small aliphatic sub-

stituents linked via amide, urea, and carbamates are tolerated

(Figure 3A). Interestingly, a small aromatic ring is tolerated at

R1, while a squarate linkage is not. Importantly, it is revealed

that the free aniline is almost as potent as the parent compound

and that no substituent is actually required at the R1 position. At

the R2 position, 2-benzyl pyridine is still the best substituent,

although 3-benzyl pyridine and 4-benzyl pyridine are tolerated

(Figure 3B). Not surprisingly, smaller substituents containing a

single aromatic ring are not active, but, interestingly, the closely

related 2-benyzoyl pyridine and amide phenyl pyridine are also

not active, indicating that the benzyl pyridine may be involved

in a specific binding mechanism and not simply functioning to

increase cell permeability.

The last thing we looked at is the position of the R2 substituent

off the macrocycle aromatic. We found no tolerance for moving

the phenyl pyridine from the para to the meta position (Fig-

ure S3D). We measured solubility and neither this value nor

the cLogP values for library members strongly correlated with

activity (Table S1). Additionally, the compounds all displayed

low toxicity toward cell lines with the exception of a few, which

showed slight toxicity, possibly correlated to low solubility

(Table S1).

Latency Reversal
Using a primary cell model of HIV-1 latency established in

ex vivo infected human CD4+ T cells (Lassen et al., 2012), we

measured HIV-1 reversal activity of six compounds from the

follow-up library: three with high activity in the Bmi1 luciferase

reporter assays (BRD-K98645985, BRD-K25923209, BRD-

K80443127), one with moderate activity (BRD-K17257309),

and two with low or no activity (BRD-K13648511, BRD-

K04244835). We found remarkable correlation between the

ability to induce Bmi1 transcription in ESCs and the ability to

increase transcription of latent HIV-1 in a concentration-depen-

dent manner (Figure 4A). The activity of three potent com-

pounds (BRD-K98645985, BRD-K25923209, BRD-K80443127)
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characterization. The activation was confirmed in a second

ex vivo model of HIV-1 latency (Figure S4A) (Bosque and Pla-

nelles, 2009) and the differential expression of two BAF target

genes, namely c-MYC and p21, upon treatment with BRD-

K80443127 was consistent with BAF inhibition (Figure 4B)

(Guan et al., 2011; Cheng et al., 1999; Pham et al., 2010; Shi

et al., 2013). The compounds show excellent activity even in

the low concentration range of 1–10 mM, and, importantly, the

compounds show no toxicity to T cells at these concentrations

(Figures 4C and S4B). Unwanted general immune activation

reduces the clinical applicability of LRAs (DeChristopher et al.,

2012; Korin et al., 2002); therefore, to investigate whether inhib-

itor treatment results in stimulation of T cells, we treated human

primary CD4+ T cells isolated from two healthy donors with

BRD-K80443127 for 24 and 72 hr, followed by detection of acti-

vation markers CD25 and CD69. As expected, propidium

monoazide (PMA)/ionomycin treatment resulted in activation

of T cells, while BRD-K80443127 treatment had no effect on

CD25 and CD69 expression (Figure S4C). We also found that

the compounds can be used in conjunction with other HIV

LRAs, such as HDAC inhibitors (SAHA [suberoylanilide hydroxa-

mic acid], valproic acid, and romidepsin) or PKC modulators

(prostratin and bryostatin), to boost activity compared with sin-

gle-agent treatments (Figure 4D). The activities were primarily

additive, with slight synergy when compared across multiple

drug concentrations (Figure S4D) (Laird et al., 2015). To confirm

whether inhibitors could reverse HIV-1 latency in T cells ob-

tained from HIV-1-infected patients, we treated CD4+ T cells

from three aviremic patients with BRD-K80443127, prostratin,

BRD-K80443127, and prostratin, and aCD3/aCD28 magnetic

beads as a positive control (Figure 4E). Patient 1 CD4 T cells re-

sponded to all treatments, while, interestingly, double treatment

with BRD-K80443127 and prostratin resulted in 63% latency

reversal compared with positive control aCD3/aCD28 (Fig-

ure 4E). Cells from patients 2 and 3 did not result in a significant

increase in cell-associated HIV-1 POL after treatment with

BRD-K80443127 alone; however, when co-treated with the

PKC agonist prostratin, BRD-K80443127 showed significant in-

crease in POL copies (Figure 4E). As biomarkers can be clini-

cally useful as surrogate measures of compound activity,

we examined expression levels of BAF target genes p21 and
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C-MYC in the three patients and we observed significant

decrease of p21 and C-MYC transcripts levels, confirming

BRDK80443127 activity in these cells.

in a manner different from genetic deletion, and/or that it has

additional biological targets.

amenable to linker attachment for protein target identification;
Validation of BAF-Mediated Transcriptional Effects
To define how well the BAF inhibitors mimic the transcriptional
profile of BAF deletion, we performed RNA sequencing (RNA-

in
seq) analysis on mESCs treated with 30 mM BRD-K98645985

or DMSO for 18 hr. We found 3,534 differentially regulated

genes upon compound treatment (1.5-fold change, p < 0.05),

with 1,518 upregulated and 1,916 downregulated upon com-

pound treatment. Comparing the gene overlap with published

RNA-seq data from Brg1 KO in mESCs (King and Klose,

2017) reveals a significant (2.3-fold enrichment over predicted,

p = 1.47 3 10�33) overlap of gene expression (Figure 5A). This

high degree in overlap indicates that BRD-K98645985 targets

similar pathways regulated by BRG1 in ESCs. The incomplete

overlap could be due to off-target effects, phenotypic difference

between acute inhibition and genetic deletion, compound

targeting a subset of BRG1 function, heterogeneity of different

ESC lines, different experimental conditions, and/or different

analysis conditions. Pathway analysis of the overlapping genes

shows significant enrichment of genes related to neuronal

development and morphogenesis, consistent with the loss of

pluripotency and a propensity for neuronal differentiation re-

ported for Arid1a KO ESCs (Gao et al., 2008). We then

performed RNA-seq analysis with Arid1a KO ESCs and identi-

fied 1,141 differentially regulated genes (1.5-fold change, p <

0.05). A higher percentage of the ARID1A-regulated genes over-

lapped with compound-treated cells (2.7-fold enrichment over

predicted, p = 6.55 3 10�58) than BRG1-regulated genes. In

addition, the canonical pathways identified for the differential

genes from each dataset were most similar between the Arid1a

KO cells and BRD-K98645985-treated cells. This, in conjunc-

tion with parallel studies with screen hits in the context of

ARID1A mutant cancer cell lines and ATR synergy (unpublished

data), led us to hypothesize ARID1A as the primary target of the

macrolactams. Still, the incomplete overlap of gene expression

between Arid1a KO cells and BRD-K98645985 treatment raises

the possibility that BRD-K98645985 modulates Arid1a function

Figure 4. Twelve-Membered Macrolactams Reactivate Latent HIV-1

Limited Toxicity or T Cell Activation
(A) A panel of six macrolactams with varying EC50 values from the Bmi1-luciferas

T cells from healthy donors (Lassen et al., 2012). Each point represents a single

levels are normalized with total protein levels. Error bars represent mean ± SD. A

Student’s t test (***p < 0.001, ****p < 0.0001).

(B) mRNA expression levels of two BAF target genes were determined after treatm

Bars represent the average ±SD. Asterisks indicate the level of significance com

(C) The number of apoptotic human primary CD4+ T cells in the presence of macr

Data presented as mean ± SD of experiments performed on cells isolated from s

(D) Latency reversal activity of BRD-K80443127 in combination with known LRAs

at a concentration of 5 mMalone or in combination with known LRAs at a single do

mean ± SD of experiments performed in duplicate using cells from two healthy d

using Student’s t test (*p < 0.05 **p < 0.01, ***p < 0.001, ****p < 0.0001).

(E) Cell-associated HIV Pol mRNA levels were quantitated in CD4+ T cells obtain

after ex vivo treatment with BRD-K80443127 (10 mM), Prostratin (200 nM), or a

treatments in triplicate ±SD; asterisks indicate the level of significance using on

biomarker genes of BAF activity, c-MYC, and p-21 were also quantitated in the

See also Figure S4.
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Validation of ARID1A as a Target
Based on the SARwe hypothesized that the R1 positionwould be
however, the synthesis of analog CAM 2-64 with a single meth-

ylene addition compared with BRD-K83694683 resulted in a

significant decrease in activity (Figure 5B). Further modification

with a longer linker attached to biotin in CAM 2-56 further

reduced activity in a cell-based system (Figure 5B). While CAM

2-56 may suffer from poor cell permeability due to the addition

of biotin, it is unlikely that the pharmacokinetics of CAM 2-64

are significantly altered due to the addition of a single methylene

onto BRD-K83694683, implying that the binding site does not

tolerate additional bulk at R1. Nevertheless, since we observed

some activity of the biotin-linked compound CAM 2-56, we

used it in combination with streptavidin support for affinity puri-

fication. In accordance with reduced binding affinity of these

linked macrolactams, we saw only moderate enrichment of

ARID1A from ESC lysates (Figures 5C and S5A); however, we

did observe a complete reduction of ARID1A enrichment upon

preincubation of lysates with 200 mM soluble BRD-K25923209,

indicating selective binding (Figures 5C and S5A). In addition,

we observed only non-specific enrichment of PBAF subunit

PBRM1 and loading control LaminB1. In agreement with the

compounds targeting the ARID1A-containing BAF complexes,

we observed a decrease in enrichment for BAF155 and BAF47,

which are subunits of both BAF and PBAF. While these experi-

ments indicate direct binding to ARID1A-containing BAF com-

plexes, they are complicated by the decrease in affinity upon

linking the compound to solid support. To circumvent the need

for a derivatized scaffold for target ID, we turned to cellular

thermal shift assay (CETSA), a cell-based technique (Savitski

et al., 2014). CETSA is based on the principle that the stability

of a protein will be increased upon binding to a small molecule

ligand, which can be visualized using immunoblot analysis after

incubation of cells across a temperature gradient followed by

removal of the insoluble, denatured proteins. Since ARID1A is

a dedicated member of the large, 1–2 MDa SWI/SNF complex,

Primary Model Systems of HIV-1 Latency and Patient Samples with
e assay were tested in an ex vivo model of HIV-1 latency using primary CD4+

experiment using T cells from at least two different healthy donors. Luciferase

sterisks indicate the level of significance compared with untreated cells using

ent of CD4+ T cells isolated from three healthy donors with BRD-K80443127.

pared with untreated cells using Student’s t test (*p < 0.05, **p < 0.01).

olactams was measured using annexin V staining and flow cytometry analysis.

ix healthy donors (****p < 0.0001).

was assessed in the ex vivomodel of HIV-1 latency. BRD-K80443127 was used

se. Luciferase levels are normalized with total protein levels. Data presented as

onors. Asterisks indicate the level significance compared with untreated cells

ed from three c-ART-treated virologically suppressed HIV-1-infected patients

CD3/aCD28 Dynabeads as indicated in triplicate. Bars represent average of

e-way ANOVA followed by Tukey test (*p < 0.05). mRNA expression levels of

patient CD4+ T cells after treatment with DMSO or BRD-K80443127 (10 mM).
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changes in protein stability from binding a small molecule would

be difficult to discern; however, we did observe a small but

DISCUSSION

-C

for 18 hr was compared with published differential gene expression in Brg1 KO
reproducible increase in ARID1A stability, but not PBRM1 or

LaminB1 stability, upon compound treatment, providing further

preliminary evidence that the compound binds ARID1A-contain-

ing complexes (Figure 5D). The known enzymatic activity of the

BAF chromatin remodeling complex is DNA-stimulated ATP

hydrolysis via the BRG1 subunit; however, we observed only

slight inhibition of the ATPase activity at high concentrations of

compound (Figure S5B), indicating that this is not its primary

mode of action. Similarly, we performed glycerol gradients to

assess whether compounds affect BAF complex formation and

did not observe any significant disruption to BAF complex integ-

rity upon compound treatment (Figure S5C). When we used a

sequential salt extraction to investigate the possibility of the

compounds inhibiting ARID1A association with chromatin, we

saw a significant and reproducible shift in ARID1A elution but

not PBRM1 elution upon treatment with compound (Figure 5E).

Although these shifts are small in nature, they are very reproduc-

ible between experiments and consistent with affinity shifts pre-

viously observed upon deletion of a single BAF complex subunit

or mutation of a single chromatin binding domain within large

BAF complexes (Porter and Dykhuizen, 2017).

Mechanism of Action in HIV Latency Reversal
To examine themechanism for how these BAF inhibitors might be

inhibiting ARID1A-mediated repression, we used the J-Lat T cell

line models of HIV-1 latency, in which activation of transcription

from the latent provirus results in GFP synthesis. We confirmed

concentration-dependent latency reversal upon treatment with

BRD-K98645985, although at higher concentrations than in pri-

mary cells (Figures 5F and S5D). We investigated how nucleo-

some occupancy at the 50-LTR changes upon treatment with

BRD-K80443127 in J-Lat 11.1 using the formaldehyde-assisted

isolation of regulatory elements (FAIRE) assay, which is ameasure

of chromatin accessibility (Giresi et al., 2007). Overnight com-

pound treatment resulted in increased chromatin accessibility at

the Nuc-1 position of the 50 LTR (Figure 5G), mimicking the effect

elicited by the small interfering RNA knockdown of ARID1A and

treatment with BAF inhibitors identified in our previous studies

(Rafati et al., 2011; Stoszko et al., 2016).

Figure 5. Twelve-Membered Macrolactams Are Inhibitors of ARID1A

(A) Differential gene expression of mESCs treated with 30 mM BRD-K98645985
mESCs (King and Klose, 2017) to determine overlapping gene sets. Data were a

(B) The luciferase induction upon treatment with macrolactams with propyl amide

appended off the aniline was determined using the BMI1-luciferase reporter cell

(C) Pulldowns were performed from ESC lysates pretreated with DMSO or 200

Protein enrichment was determined using immunoblot analysis.

(D) Protein stabilization by BRD-K25923209 was determined using CETSA in mE

immunoblot analysis of soluble proteins after incubation in a temperature gradie

(E) Sequential salt extractions were performed on ESC nuclei. The chromatin w

K98645985 (30 mM) and the elutions of ARID1A and PBRM1were analyzed using im

five washes using ImageJ for ARID1A and PBRM1. n = 3.

(F) J-Lat 11.1 cells were treated with increasing concentrations of BRD-K804431

positive cells (left axis, green bars), which corresponds to the level of HIV-1 activa

cytometry. n = 3. Viab, viability.

(G) Levels of nucleosome occupancy at the HIV-1 50-LTR region following treatm

analyzed using FAIRE assay. n = 3.

Data are presented asmean ± SD. Asterisks indicate the level significance compa

****p < 0.0001). See also Figure S5.
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While the mammalian SWI/SNF chromatin remodeling complex

is often referred to as a single protein complex, it is actually a het-

erogeneous assembly of closely related protein complexes with

different biochemical and biological functions (Hargreaves and

Crabtree, 2011; Wu et al., 2009). Several of these subcomplexes

have been determined to bemisregulated in disease, implicating

subunits of SWI/SNF complexes as potential drug targets (Hoh-

mann and Vakoc, 2014; Schiaffino-Ortega et al., 2014). A signif-

icant challenge for drug development is that general inhibition of

SWI/SNF chromatin remodeling function may have undesirable

toxicity, as many, if not most, cell types require some form of

SWI/SNF chromatin remodeling for basic viability (Dykhuizen

et al., 2013; Hohmann and Vakoc, 2014). Further complicating

matters, it is still unclear how the biochemical functions of indi-

vidual subunits of chromatin remodeling complexes are related

to desired phenotypes, making it difficult to design and imple-

ment biochemical screening programs. To circumvent these

issues, we developed a robust high-throughput phenotypic

screen designed to identify small molecules that inhibit BAF-

mediated transcription without affecting cellular viability. From

this screen, we have identified a 12-membered macrolactam

with low toxicity and the ability to inhibit the transcriptional activ-

ities of the BAF complex. These compounds have significant

promise as HIV-1 LRAs, particularly because of their potential

for clinical use in combination therapy with other currently avail-

able LRAs. Indeed, we show that treatment with the structurally

similar macrolactams, BRD-K98645985, BRD-K25923209, and

BRD-K80443127, triggered HIV transcription in ex vivo infected

primary CD4+ T cells harboring latent HIV and potentiated the

effect of other LRAs when used in combination. In CD4+

T cells isolated from c-ART-treated virologically suppressed

HIV-1-infected patients, a significant increase in cell-associated

HIV mRNA was observed after ex vivo treatment with BRD-

K80443127 alone in one patient, while, in all three patients,

BRD-K80443127 treatment led to significant potentiation of

prostratin activity. The mechanism of action appears to be that

of de-repression, or inhibition of the HIV-1 LTR-bound repressive

BAF complex. Our observed modest and variable effects in

latency reversal by BRD-K80443127 alone are consistent with

ontaining BAF Complexes
cquired from RNA-seq analyses.

(BRD-K83694683), butyl amide (CAM2-64), and biotin-hexylamide (CAM2-56)

line. Points represent mean ± standard deviation. n = 3.

mM BRD-K25923209 using biotin or CAM2-56 prebound to streptavidin resin.

SCs. The stabilization of ARID1A, PBRM1, and LAMINB1 was detected using

nt.

as washed with increasing concentrations of salt containing DMSO or BRD-

munoblot analysis. The percentage of protein elution was calculated across all

27 and reactivation was quantitated at 48 hr post treatment. Percentage GFP-

tion, and cell viability (right axis, transparent bars) were both evaluated by flow

ent with BRD-K80443127, CAPE (caffeic acid phenethyl ester), and PMA were

red with untreated cells using Student’s t test (*p < 0.05. **p < 0.01, ***p < 0.001,
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point for more potent and selective BAF inhibitors, which

can be used in combination with other LRAs to activate

this notion and point to the need for larger patient cohorts in 
order to test the activity of this compound with robust across-pa-

tient statistics. Importantly, in line with the mechanism of action 
of BRD-K80443127 as an LTR de-repressor, co-treatment with 
the PKC agonist prostratin, which is a bona fide activator of
HIV transcription resulted in significant increase in cell-associ-
ated HIV RNA in all patients. This is in line with recent findings 
that ARID1A degraders from our previous studies (Stoszko 
et al., 2016) act to increase transcriptional noise (frequency or 
burst) at the HIV-1 LTR promoter (Megaridis et al., 2018). This 
points to the potential for this class of compounds for inclusion 
in combinatorial therapy with other drugs targeting different 
steps in HIV-1 transcription.

Target identification and mechanistic work indicate that this in-
hibitor binds the ARID1A-containing BAF complexes and prevent 
ARID1A function at the 50 LTR of HIV-1, although the exact mech-

anism of compound action is still to be resolved. The SAR from this 
study indicates that further variation of substituents at the R1 and 
R2 positions on the macrolactam scaffold will likely not improve 
potency much, but optimization at other unexplored positions 
around the macrolactam ring could increase potency and also 
facilitate derivatization for more in-depth target identification. 
Deciphering how this class of compounds inhibits ARID1A activity 
will be critical for further optimization of these inhibitors as HIV-1 
LRAs targeting the BAF complex. In addition, we have found 
that BAF inhibitor synergizes with ATR inhibitors for the killing of 
specific types of cancer, particularly those with high mutational 
backgrounds (unpublished data). Here again, a detailed under-
standing of the exact mechanism of actions for these inhibitors 
will be necessary for pharmacologic and therapeutic optimization 
as well as to provide a tool to understand the mechanism of action 
of ARID1A-containing BAF complexes in polycomb eviction and 
resolution of facultative heterochromatin (Kadoch et al., 2017; 
Miller et al., 2017; Stanton et al., 2017).

SIGNIFICANCE

The BAF (SWI/SNF) chromatin remodeling complex has long 
been an attractive target for drug development; however, 
the heterogeneous nature of BAF complexes, along with un-
defined biochemical functions for disease-related subunits, 
has made the development of small molecule screening 
platforms particularly challenging. Here, we have developed 
a reporter cell line of BAF-mediated transcriptional repres-
sion and identified a macrolactam inhibitor of the BAF
chromatin remodeling complex using high-throughput 
screening. This optimized class of compounds activates 
the expression of BAF-repressed genes in ESCs and are 
similarly able to activate transcription in in vitro cell line 
models of HIV-1 latency and in primary human CD4+ 
T cells harboring latent HIV-1. Importantly, these com-

pounds do not display T cell toxicity or T cell activation, 
which are associated with many LRAs. Target identification 
and phenotypic analysis point to the inhibition of ARID1A-
containing BAF complexes, which are selectively involved 
in maintaining HIV-1 latency. This study validates the strat-
egy of targeting individual BAF subcomplexes involved in 
disease and identifies a macrolactam scaffold developed 
using DOS. This class of compounds is a useful starting
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HIV-1 transcription and eliminate the latently infected cell

population.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-ARID1A Santa Cruz Cat# Sc-32761; RRID: AB_673396
Mouse monoclonal anti-BAF155 Santa Cruz Cat# Sc-32763; RRID: AB_671095

Mouse monoclonal anti-BAF47 Santa Cruz Cat# Sc-166165; RRID: AB_2270651

Mouse monoclonal anti-LAMIN1B Santa Cruz Cat# Sc-377000

Rabbit polyclonal anti-PBRM1 Bethyl Cat# A301-591A; RRID: AB_1078808

a-CD25-APC eBioscience Cat# 17-0259-42; RRID: AB_1582219

a-CD69-FITC eBioscience Cat# 11-0699-42; RRID: AB_10853975

anti-AnnexinV-PE BD Biosciences Cat# 556454

Biological Samples

Healthy adult T cells Sanquin blood bank, Rotterdam,

The Netherlands

NVT0080

HIV-1 infected patient T cells Erasmus Medical Center, approved by

The Netherlands Medical Ethics Committee

(MEC-2012-583)

Chemicals, Peptides, and Recombinant Proteins

SAHA Bioconnect Cat# S1047

VPA Sigma Cat# P4543-10G

PMA/Iono Sigma Cat# P1585-10MG/I9657

Prostatin Sigma Cat# P0077-1MG

Bryostatin Santa Cruz Cat# sc-201407

Romidepsin Sigma Cat# SML1175-1MG

Saquinavir Mesylate Centre for AIDS Reagents, Euripred Cat# ARP983

Raltegravir Centre for AIDS Reagents, Euripred Cat# ARP980

Compound 68 Dykhuizen et al., 2012 N/A

Critical Commercial Assays

Steady Glo� Promega Cat# E2510

Cell-titer Glo� Promega Cat# G7570

Dual Glo� Promega Cat# E2920

Cells to Ct� Thermo Fisher Cat# 4399002

Deposited Data

Raw and analyzed RNA-Seq data Arid1a KO This paper GEO: GSE113872

Raw and analyzed RNA-Seq data

Compound treated cells

This paper GEO: GSE113627

Experimental Models: Cell Lines

E14ES cells ATCC Cat# CRL-1821

RRID: CVCL_C320

Bmi-luc reporter ES cell line This paper N/A

HEK293T ATCC Cat# CRL-3216

A549 lung adenocarcinoma cell line ATCC Cat# CCL-185

HepG2 hepatocarcinoma cell line ATCC Cat# HB-8065

JLat Tat-GFP Cells (A2) NIH AIDS Reagent Program Cat# 9854

JLAT11.1 Kind gift from Dr Eric Verdin

Jordan et al., 2003

N/A

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Emily

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Southern probes (see Table S2) This paper N/A

Primers for qRT-PCR (see Table S2) Dykhuizen et al., 2012 N/A

Primers for FAIRE (see Table S2) This paper N/A

Taqman Probe mouse Bmi1-FAM Applied Biosystem Cat# Mm00776122_gH

Taqman Probe mouse Ring1a-FAM Applied Biosystem Cat# Mm01278940_m1/4331182

Taqman Probe mouse Fgf4-FAM Applied Biosystem Cat# Mm00438916_g1/4351372

Taqman Probe mouse actin-VIC Applied Biosystem Cat# 4352341E

Recombinant DNA

Bmi1-Luciferase knock-in targeting construct This paper N/A

pNL4.3.Luc.R-E Centre for AIDS Reagents Cat# 3418

HIV-1 HXB2-Env expression vector Centre for AIDS Reagents Cat# 1069

PLKO.1 lentiviral vector containing shRNA

to mouse Brg1: hairpin sequence: CCGGCG-

CCCGACACATTATTGAGAACTCGAGTTCT-

CAATAATGTGTCGGGCGTTTTTG targeted

to CGCCCGACACATTATTGAGAA

Dharmacon Clone ID: TRCN0000071386

Cat# RMM3981-201797880

Software and Algorithms

DESeq Anders and Huber 2010 http://bioconductor.org/packages/

release/bioc/html/DESeq.html

EdgeR Robinson et al., 2010 http://bioconductor.org/packages/

release/bioc/html/edgeR.html

Other

PubChem Assay ID This paper AID 602436
Dykhuizen (edykhui@purdue.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Line Authentification
Cell lines were obtained directly from ATCC or NIH AIDS reagent program and used at less than 15 passages.

Cell Culture Conditions
E14 ESC and Bmi-luc ESC Culture

Mouse male ESCs were cultured in ESC media: (DMEM (Gibco), 15% ES tested FBS (Applied Stem Cell), 1% HEPES (Gibco), 1%

Sodium pyruvate (Gibco), 1% Pen/Strep (Invitrogen), 1% Glutamine (Invitrogen), 1% non-essential amino acids (Gibco) and 0.1%

Lif-condition media from Cos-Lif cells. Media was changed daily. After 72 h, the cells were split with 0.25% Trypsin-EDTA (Gibco)

and plated at the same density on tissue culture plates that had been treated with 0.1% gelatin in water (Millipore) for 30 minutes

and removed.

Arid1af/f:CreERT2 ESCs

Mouse ESCs were cultured in Knockout� DMEM (Thermo Fisher Sci #10829018) supplemented with 15% ESC-Sure FBS serum

(Applied Stem Cell #ASM-5007) and Knockout� Serum Replacement (Thermo Fisher Sci #10828028), 2 mM L-glutamine (Gibco

#35050061), 10mMHEPES (Gibco #15630080), 1mMsodium pyruvate (Gibco #11360070), 100 U/mL penicillin/streptomycin (Gibco

#15140122), 0.1 mM non-essential amino acids (Gibco #11140050), 0.1 mM beta-mercaptoethanol (Gibco 21985023) and leukemia

inhibitory factor (LIF). ESCs were maintained on gamma-irradiated mouse embryonic fibroblast (MEF) feeders at 37�C, 5%CO2 with

daily media changes and passaged every other day.
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HEK293T Cell Culture
Human female HEK293T cells were cultured in (DMEM (Gibco), 10% FBS (Omega), 1% Sodium pyruvate (Gibco), 1% Pen/Strep 
(Invitrogen). After 72 h, the cells were split 1:4 with 0.25% Trypsin-EDTA (Gibco).
A549 Cell Culture
Human male A549 cells were cultured in (DMEM (Gibco), 10% FBS (Omega), 1% Sodium pyruvate (Gibco), 1% Pen/Strep 
(Invitrogen). After 72 h, the cells were split 1:4 with 0.25% Trypsin-EDTA (Gibco).

HepG2 Cell Culture
Human male HepG2 cells were cultured in (DMEM (Gibco), 10% FBS (Omega), 1% Sodium pyruvate (Gibco), 1% Pen/Strep 
(Invitrogen). After 72 h, the cells were split 1:4 with 0.25% Trypsin-EDTA (Gibco) and replated.
Jurkat Cell Culture
Human male J-Lat A2 and J-Lat 11.1 cells were cultured in RPMI-1640 medium (Sigma Aldrich) supplemented with 10% FBS and 
100 mg/ml penicillin-streptomycin (Sigma Aldrich) at 37�C in a humidified 95% air-5% CO2 atmosphere. After 72 h, the cells were 
diluted to a concentration of 2 x 105 cells/mL with fresh media.

Primary Human CD4+ T Cells
Primary human CD4+ T cells from either healthy donors or HIV+ patients were obtained via either blood donations (buffy coats) or 
leukapheresis respectively. PBMCs were isolated by Ficoll gradient followed by isolation (negative selection) of CD4+ T cells by 
RosseteSep kit (Stem Cell Technologies) or by negative selection with EasySep (Stem Cell Technologies) from healthy donors or 
HIV+ patients respectively. CD4+ T cells were cultured at a density of 1-1.5 x 106/ml in RPMI-1640 medium supplemented with 
7% FBS and 100 mg/ml penicillin-streptomycin at 37�C in a humidified 95% air-5% CO2 atmosphere before treatment with 
compounds or incubation in presence of aCD3/aCD28 beads.

Subject Details
This study was conducted in accordance with the ethical principles of the Declaration of Helsinki. The patients involved in the study 
provided signed informed consent and the study protocol was approved by The Netherlands Medical Ethics Committee 
(MEC-2012-583).

Three otherwise healthy adult HIV-1 infected patients on stable c-ART with effective viral suppression <50 c/mL were recruited 
at the Erasmus MC HIV outpatient clinic. Patient Inclusion criteria: 1. Age >18 years, 2. Confirmed HIV-1 infection. 3. Plasma 
HIV RNA viral load <50 copies per ml. 4. on cART. Patient Exclusion criteria: 1. Inability to place 2.5 cm venous catheter, 2. Previous 
use of any known latency reversal agents. 3. Pregnancy 4. Major comorbidities including anemia, defined as a hemoglobin level of 
<6.0 mmol/L (women) or <6.5 mmol/L (men), cardiovascular disease, hepatitis B/C co-infection, severe psychiatric disorder, active 
drug use.

METHOD DETAILS

Bmi1-Luciferase Reporter Cell Line
Low passage mESCs derived from 129 mice (20 million, p10) were electroporated with 40 mg of a linearized construct consisting of 
2 kb homology upstream of the Bmi1 locus, firefly luciferase at exon 1 of Bmi1 followed by loxP neo and a 6 kb 3’ homology arm with

thymidine kinase outside the homology arms. The cells were plated on 10 gelatin treated plates (60 mm) of irradiated neo resistant 
MEFs and selected with G418 and ganciclovir for 5 days. 384 colonies were selected, trypsinized and replated in gelatin treated 
24-well plates for expansion. The cells were split and DNA was isolated for digestions with EcoRI or BamHI. We confirmed the
successful homologous recombination in 7 out 384 colonies using Southern blot analysis at both the 5’ (EcoRI) and 3’ (BamHI) 
end (see Table S2 for probe and primer sequences). We deleted the neomycin cassette using transfected Cre recombinase and 
confirmed the excision at all clones using a second round of Southern blot analysis at the 3’ end (BamHI).

Lentiviral Infection
HEK293T cells were transfected with lentiviral constructs along with lentiviral packaging vectors pMD2.G and psPAX2. After 48 h, 
supernatants were collected and virus isolated using ultracentrifugation at 20,000 r.p.m. for 2 h. Viral pellets were re-suspended 
in PBS and used to infect cell lines. Cells were selected with puromycin and harvested 72 h after infection.

Compound Treatment
10,000 cells in 30 mL ESC media were plated in white 384 well CellBind plates. The cells were cultured in a 37�C, 5% CO2 incubator for 
24 h and 100nL/well of 0.75mM of positive control (Pubchem SID: 85814977) or 100 nL/well of 3.75 mM compound library (primary 
screen) was added via pin transfer into plates. There was no effect on assay readout at DMSO concentrations up to 0.5%. The cells 
were cultured in a 37�C, 5% CO2 incubator for 24 h for luciferase reporter assay and 18 h for qRT-PCR assay.
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Luciferase Assay
(PubChem AID 602393 primary, PubChem AID 651717 confirmatory.) The assay plates were removed from the incubator and

equilibrates for 10 minutes to room temperature. Promega SteadyGlo� solution (10 mL/well) was added to each well of the assay
plates. The assay plates were mixed at 1000 rpm for 15 seconds and then incubated for 10 minutes at room temperature. The

luciferase levels were read on a Perkin Elmer Envision in Ultra Sensitive Luminescence mode. Signals remained stable up to

2 hours.

qRT-PCR Secondary Screen (PubChem AID 743180, 743177, 743176)
The qRT-PCR screen was performed as published (Dykhuizen et al., 2012). In brief, 5,000 ES cells were plated on gelatin-coated

384-well tissue culture plates and cultured in a 37C, 5% CO2 incubator. 24 h later, hit compounds in 100 nL DMSO were treated

at eight different doses. 18h after compound treatment cells were washed two times with 100 mL PBS and all excess PBS was

removed by centrifuging the plates upside down at 1000 rpm. The Ambion � Cells-to-Ct kit was used to generate cDNA. In brief,

the cells were lysed in the plate in 10 mL lysis buffer containing DNase for 10 minutes and quenched with 1 mL lysis stop buffer.

The lysate (2 mL) was added to 5 mL RT reaction buffer (2X), 2.5 mL nuclease-free water and 0.5 mL Reverse transcriptase (20X)

and incubated at 37�C for 60 minutes and 95�C for 1 minute to generate 10 mL of cDNA. cDNA (1 mL) was used in each 5 mL

qPCR reaction with Roche master mix and TaqMan probes (Applied Biosystems) for Bmi1-FAM (Mm00776122_gH), Ring1a-FAM

(Mm01278940_m1/4331182), or Fgf4-FAM (Mm00438916_g1/4351372) alongside actin-VIC (4352341E) for a loading control. The

qPCR was run accordingly: 95�C for 10 minutes Then 55 cycles of: 95�C for 10 seconds followed by 60�C for 30 seconds. The

fold increase in transcription was calculated using the DDCT method (Livak and Schmittgen, 2001).

Viability Assays (PubChem AID: 743188, 743189, 743190, 1053139, 1053140, 1053141)
Cell culture: HepG2, A549 and HEK293 cells were propagated to 95% confluence in DMEM containing 10% FBS 1%Pen/Strep, 1%

L-Glutamine. Cells were plated at 2000 per well in 40 mL media in white tissue culture treated 384-well plates and incubated at 5%

CO2; 95%humidity, 37�C for 24 hours. Compound (100 nL) was added to wells using a pin tool (CyBiWell) alongside 100 nL cytotoxic

compounds, mitoxantrone (final concentration of 10 mM) as a positive control. The cells were incubated for 72 hours at 37�C, 95%
humidity 5% CO2. Plates were removed from the incubator, equilibrated for 15 minutes to room temperature; and 20 mL 50%

Promega CellTiterGlo (diluted 1:1 with PBS, pH 7.4) was added. The plates were read on Perkin-Elmer EnVision with standard

luminescence settings for 0.1 sec per well.

qRT-PCR Screen Confirmation and DOS Analog Library (SYBR)
50,000mESCswere plated on gelatin coated 24-well plates. After 24 hours, the cells were treated with 30 mMof compound and incu-

bated at 5%CO2; 95% humidity, 37�C for 18 hours. RNAwas isolated using Trizol� and cDNAwas synthesized from 1 mg RNA using

Superscript III Reverse TranscriptasewithOligo(dT)12–18 primers (Thermo) and diluted 10xwithwater. 1 mL of this cDNAmixturewas

used for qPCR with 2x SYBR (Roche) and the following primers: Bmi1: Forward: TACCATGAATGGAACCAGCA; reverse: AAAG

GAAGCAAACTGGACGA,Ring1a: Forward: CCTGGACATGCTGAAGAACA; reverse: TCCCGGCTAGGGTAGATTTT, FGF4: Forward:

GGGTGTGGTGAGCATCTTCGGA; reverse: GGTATGCGTAGGACTCGTAGGGC, Gapdh: Forward: TGCACCACCAACTGCTTAG;

reverse: GGATGCAGGGATGATGTTT.

Chemical Synthesis of DOS Analog Library
The synthesis of the original DOS library was performed according to theHead–to-Tail strategy for combinatorial synthesis ofmultiple

scaffold simultaneously (Fitzgerald et al., 2012). For the synthesis of the 30 macrolactam library members in solution the backbone

(compound 2141-017) was synthesized according to published procedures in the scheme in (Figure S3). The synthesis of the six

representative compounds used in HIV latency experiments (Figures 4 and S3) from this backbone are outlined below:
Nitro Reduction (2141-018b)

To macrocycle (2141-017) (.675 g, 1.550 mmol) dissolved in MeOH (Volume: 15.50 ml) was added tin(II) chloride dihydrate (3.50 g,

15.50 mmol). The reaction mixture was stirred at room temperature for 2 days or until LC/MS indicates complete conversion.
The residue was dissolved in EtOAc and washed with 2 M aq. KOH (2x). The combined aqueous layers were washed with EtOAc

(2x) and the resulting organic layers were washed with brine, dried over MgSO4, filtered, and concentrated. The crude aniline

(2141-018b) was used without purification. Note: The workup as described above produces a lot of precipitate/emulsion. This
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can be overcome by extensive washing or by quenching with 1 volume 1 M NaOH and filtration over celite prior to workup. (M+H)+

calculated = 406.24 (M+H)+ measured (LC/MS) = 405.98
Acylation of the Aniline (2141-018)

Isopropyl isocyanate (0.174 ml, 1.767 mmol) was added dropwise to a stirring solution of crude aniline (2141-018b) (.597g,

1.472 mmol) in CH2Cl2 (Volume: 7.36 ml) and reaction was stirred at rt overnight. LC/MS showed conversion into the desired
product. The solvent was evaporated and the residue was purified via ISCO (0.5-9% MeOH in CH2Cl2, 18 min); Collected fractions

40-52 to afford the product as a white solid foam. 644 mg (89% over 2 steps) (M+H)+ calculated = 491.29 (M+H)+ measured

(LC/MS) = 492.73
Alloc Deprotection (2141-022)
A 100 mL round-bottomed flask was charged with a solution of Urea (2141-018) (.625g, 1.274 mmol) in EtOH/CH2Cl2 (2:1). 1,3-Di-
methylbarbituricacid (0.298 g, 1.911 mmol) was added in one portion at room temperature, followed by Tetrakis(triphenylphosphine) 

palladium(0) (0.147 g, 0.127 mmol). The mixture was stirred at 40�C for �16 h (overnight) or until LC/MS demonstrated conversion into 
a product with the same mass. The solvents were removed in vacuo, and the crude residue was dissolved in CH2Cl2 and passed 
through a plug of acidic resin (5 equiv relative to SM) rinsing with CH2Cl2 (�3 column volumes). The amine was then eluted
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with 1M NH3 in MeOH to afford sufficiently clean material from next step. (M+H)+ calculated = 407.27 (M+H)+ measured

(LC/MS) = 407.56
BRD-K13648511

Benzaldehyde (0.090ml, 0.886mmol) was added to aDMF (Volume: 2.95ml) solution of crude amine (2141-022) (.12g, 0.295mmol) at

rt. Acetic acid (0.017ml, 0.295mmol) was added and themixturewas stirred for 30min before sodium triacetoxyhydroborate (0.250 g,

1.181 mmol) was added. The resulting mixture was stirred at rt overnight. LCMS indicates complete SM consumption. Saturated

aqueous sodium bicarbonate solution was slowly added until gas evolution ceased. The reaction mixture was diluted with EtOAc

and the layers were separated. The organic layer was washed with brine, dried with MgSO4, filtered, and concentrated. The residue

was purified via ISCO (SiO2, 1-12%MeOH in CH2Cl2, 20min, 254 nm); Collected fractions 47-54 to afford the product as awhite solid

in 23% yield (34 mg) over 2 steps. (M+H)+ calculated = 497.3123, (M+H)+ average (3 ESI replicates) = 497.3131 ± 1.81
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BRD-K17257309

4-(pyridin-3-yl)benzaldehyde (151 mg, 0.827 mmol) was added to a DMF (Volume: 1378 ml, Density: 0.944 g/ml) solution of Crude

amine (2141-022) (112mg, 0.276 mmol) at rt. Acetic acid (15.77 ml, 0.276 mmol) was added and the mixture was stirred for 30 min

before sodium triacetoxyhydroborate (234 mg, 1.102 mmol) was added and the mixture was stirred at rt overnight or until LC/MS

indicates conversion into product. Saturated aq sodium bicarbonate solution was slowly added until gas evolution ceased. The

reaction mixture was diluted with EtOAc and the layers were separated. The aqueous phase was extracted with EtOAc (3x). The

combined organic layers were washed with brine, dried with MgSO4, filtered, and concentrated. The residue was purified via

ISCO (0.5-7%MeOH in CH2Cl2, 13 min) to afford the product as a yellow solid in 24% yield (38 mg) over 2 steps. (M+H)+ calculated =

574.3388 (M+H)+ average (3 ESI replicates) = 5.74.3394 ± 0.85
BRD-K98645985
4-(Pyridin-2-yl)benzaldehyde (199 mg, 1.085 mmol) was added to a DMF (Volume: 1808 ml) solution of crude amine (2141-022)
(147mg, 0.362 mmol) at room temperature. Acetic acid (21.72 mg, 0.362 mmol) was added and the mixture was stirred for 30 min 

before NaBH(OAc)3 (307 mg, 1.446 mmol) was added and the mixture was stirred at rt overnight. LC/MS indicated conversion 
into the desired product. Saturated aqueous sodium bicarbonate solution was slowly added until gas evolution ceased. The reaction 
mixture was diluted with EtOAc and the layers were separated. The aqueous phase was extracted with EtOAc (3x). The combined 
organic layers were washed with brine, dried with MgSO4, filtered, and concentrated. The residue was purified via ISCO (0.5-7%
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MeOH in CH2Cl2, 13 min); Collected fractions 66-73 to afford the product as a brown solid in 26% yield (54 mg) over 2 steps. (M+H)+

calculated = 574.3388 (M+H)+ average (3 ESI replicates) = 5.74.3395 ± 1.36.
Alloc Deprotection (2141-039a)

A round-bottomed flask was charged with a solution of macrocycle (2141-017) (.675 g, 1.550 mmol) in EtOH/ CH2Cl2 (2:1). 1,3-Di-
methylbarbituricacid (0.363 g, 2.325 mmol) was added in one portion at room temperature, followed by Pd(PPh3)4 (0.179 g,

0.155 mmol). The mixture was stirred under ambient conditions for �16 h (overnight). The reaction was monitored by LC/MS and

demonstrated complete starting material consumption and the presence of the desired mass. The reaction mixture was then passed

over a silica plug eluting with 15%MeOH in CH2Cl2 (with 2% triethylamine). The filtrate was concentrated and used in the next step

without purification (used theoretical yield). (M+H)+ calculated = 352.19 (M+H)+ measured (LC/MS) = 351.90
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Reductive Amination (2141-039b)

4-(2-Pyridinyl)-benzaldehyde (852 mg, 4.65 mmol, 3 eq) was added to a DMF (Volume: 7755 ml) solution of crude amine (2141-039a)

(545 mg, 1.551 mmol, 1 eq) at room temperature. Acetic acid (89 ml, 1.551 mmol, 1 eq) was added and the mixture was stirred for
30 min before sodium triacetoxyhydroborate (1315 mg, 6.20 mmol, 4 eq) was added. The mixture was stirred at room temperature

for 2 days when LC/MS indicated complete conversion into product (presence of SM by LCMS). Saturated aqueous sodium

bicarbonate solution was slowly added until gas evolution ceased. The reaction mixture was diluted with EtOAc and the layers

were separated. The aqueous layer was extracted with EtOAc (3x). The organic layer was washed with brine, dried with MgSO4,

filtered, and concentrated. Material was taken forward without further purification attempts. (M+H)+ calculated = 519.29 (M+H)+

measured (LC/MS) = 518.91.
BRD-K25923209

To Macrocycle 2141-039b (.804g, 1.550 mmol) dissolved in MeOH (Volume: 15.50 ml) was added tin(II) chloride dihydrate (3.50 g,

15.50mmol). The reactionmixture was stirred at 40�C for 24h until LC/MS indicated complete consumption of startingmaterial (nitro)
and presence of desired mass. Upon completion, the reaction mixture was concentrated and the resulting residue was dissolved in

EtOAc and washed with 2 M aq. KOH (2x). The combined aqueous layers were washed with EtOAc (4X). The resulting organic layers

were washed with brine, saturated aqueous NaHCO3, water, and brine, dried over MgSO4, filtered, and concentrated. The crude

aniline was sufficiently pure to use in the capping step and therefore was used without purification.

Note: Theworkup as described above produces a lot of precipitate/emulsion. This can be overcome by extensive washing or alter-

nately, the reaction can be quenchedwith 1 volume of 1MNaOH, stirredwith celite for 10minutes, and filtered prior to workup to yield

33.8% (17.2 mg) over 3 steps. (M+H)+ calculated = 489.286 (M+H)+ average (3 ESI replicates) = 489.2866 ± 0.92.
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BRD-K80443127

A screwtop vial was charged with aniline (BRD-K25923209) (43.3mg, 0.089 mmol) and CH2Cl2 (Volume: 886 ml, Density: 1.325 g/ml).

Isopropyl chloroformate (115 ml, 0.115 mmol) and DIEA (46.4 ml, 0.266 mmol) were added dropwise and reaction stirred under
ambient conditions for 1 h. LC/MS showed complete sm consumption. The reaction mixture was loaded directly onto SiO2 and

purified via ISCO (1-12% MeOH in CH2Cl2, 20 min); Collected fractions 40-44 to afford the product as a yellow oil in 33.8%

(17.2 mg) yield. (M+H)+ calculated = 575.3228 (M+H)+ average (3 ESI replicates) = 575.3235 ± 1.32.
BRD-K04244835

A 2.5mL microwave vial was charged with aniline (BRD-K25923209) (40 mg, 0.082 mmol) and EtOH (Volume: 819 ml, Density:
0.81 g/ml). Squaramide (CRE-III-001) (20.75 mg, 0.098 mmol), DIEA (42.8 ml, 0.246 mmol), and DMAP (2.000 mg, 0.016 mmol)

were added in sequence and the vial was sealed. The resulting solution was stirred at 85�C overnight or until LC/MS indicated com-

plete starting material consumption. The reaction mixture was loaded directly onto SiO2 and purified via ISCO (1-12% MeOH in
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CH2Cl2, 20 min); fractions 50-56 were collected to afford the product as a yellow solid in 48.6% (26 mg) yield. (M+H)+ calculated =

654.365 (M+H)+ average (3 ESI replicates) = 654.3661 ± 1.64.
Nuclear Isolation
Cells were trypsinized and washed 1x with PBS. Cells were suspended in Buffer A (25 mM HEPES pH 7.6, 5 mM MgCl2, 25 mM KCl, 
0.05 mM EDTA, 10% glycerol, 0.1% NP-40) and cell membranes were lysed by passing cells through a 22-gauge needle 10 times and 
incubation on ice for 5 minutes. Nuclei were pelleted by centrifugation at 400 x g for 5 minutes.

Cell Lysis
Pellets of whole cells or isolated nuclei were lysed with lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 0.1% NP-40, protease 
inhibitors) by rotating at 4�C for 30 minutes. The lysate was cleared by centrifugation (20,000 x g) for 5 minutes and transferred to 
a fresh tube.

ATPase Assay
Adapted from (Bultman et al., 2005). Each sample utilized 70 mg nuclear ESC lysates in 50 mL cell lysis buffer. The nuclear lysates were 
incubated with 1 mL anti-Brg1 antibody (ab110641) and 5 mL protein A dynabeads (Thermo) for 4 h and washed 1 x with lysis buffer 
and 1 x with wash buffer (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM MgCl2, protease inhibitor). After washing, 20 mL reaction buffer 
(10 mM Tris pH 7.5, 50 mM mM NaCl, 5 mM MgCl2, 20% glycerol, 1 mg/ml BSA, 20 mM ATP, 20 nM plasmid DNA, 1 mCi gamma-32P 
ATP, protease inhibitors, 1 mL DMSO or compound to 250 mM final concentration) was added to the beads. The reaction was incu-
bated with shaking (900 rpm) at 37�C. After 30 minutes the reaction mixture (1 mL) was spotted on PEI cellulose TLC plates (Sorbtech) 
and the TLC was run in 0.5M LiCl, 1M formic acid. The plates were dried and developed using phosphoimager technology. The 
percent conversion from starting material to product was determined using Image J software and normalized to the no enzyme 
control.

Immunoblot Analysis
Total protein was denatured for 10 min at 95�C, separated on a 4–12% SDS-polyacrylamide gel, and transferred to a PVDF 
membrane (Immobilon FL, EMD Millipore, Billerica, MA). The membrane was blocked with 5% bovine serum albumin (VWR, Batavia, 
IL) in PBS containing 0.1% Tween-20 (PBST) for 30 mins at room temperature and then incubated in primary antibodies overnight at 
4�C. The primary antibodies used were directed against ARID1A (Santa Cruz Biotechnology Inc., Dallas, TX; sc-32761), PBRM1 
(Bethyl Laboratories, Montgomery, TX; A301-591A), BAF155 (Santa Cruz Biotechnology Inc., Dallas, TX; Sc-32763), BAF47 (Santa 
Cruz Biotechnology Inc., Dallas, TX; Sc-166165), LAMIN B1 (Santa Cruz Biotechnology Inc., Dallas, TX; Sc-377000). The primary 
antibodies were detected by incubating the membranes in goat-anti-rabbit or goat-anti-mouse secondary antibodies (LI-COR 
Biotechnology, Lincoln, NE) conjugated to IRDye 800CW or IRDye 680 respectively for 1 h at room temperature, and the signals 
were visualized using Odyssey Clx imager (LI-COR Biotechnology, Lincoln, NE).
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Glycerol Gradients
20 million mESCs were plates on gelatin coated 150 mm tissue culture plates and incubated for 24 h. Cells were treated with 30 mM

BRD-K25923209 or DMSO for 24 h. Nuclear lysate from�50million cells (�0.6- 1mg nuclear protein) was layered on top of a 10-30%
glycerol gradient (10mL) in HEMGbuffer (25mMHepes 7.6, 0.1mMEDTA, 12.5mMMgCl2, 100mMKCl). The protein was separated

by the gradients through ultracentrifugation in Beckman rotor SW41 at 40,000 RPM for 16 h. Twenty 500 mL fractions were removed

sequentially from the top of the gradients and 50 mL of each fraction was used for immunoblot analysis.

Sequential Salt Extractions
Sequential salt extractions were performed as published 80, with the following modifications: mESCs were treated for 2 h with 30 mM

BRD-K25923209 or DMSO. Nuclei were isolated into two tubes (5million each) and the salt extractions were performedwith 30 mMof

BRD- K25923209 or DMSO in each salt wash.

Biotin Pull Downs
Compound 2-57 (200 mM in 200 mL PBS) was pre-bound to 20 mL high capacity streptavidin beads (Solulink) for 30 minutes. The

beads were washed 1x with lysis buffer and incubated with cell lysates preincubated with DMSO or 200 mM of BRD-K25923209

for 2 h. The beads were washed once with 1 mL lysis buffer and boiled in SDS loading buffer for immunoblot analysis.

CETSA Protocol
CETSA was performed as published (Jafari et al., 2014) with the following modifications: mESCs were treated with 50 mM of com-

pound BRD-K25923209 or DMSO for 1 hour. The cells were trypsinized, washed 1 x with PBS and 2 million cells of each condition

were resuspended in 1 mL PBS. Cells (100 mL) were transferred into eight wells of a strip tube and put in a temperature gradient PCR

block for 3 minutes, followed by incubation at room temperature for 3 minutes. The cells were lysed with 2 x freeze-thaw cycles on a

25�C heat block and the cell lysis was transferred to microcentrifuge tubes and centrifuged at 15,000 x g for 20 minutes at 4�C. The
soluble protein (90 mL) was removed from pellets and added to SDS loading buffer for immunoblot analysis.

RNA-Seq ECS with BAFi
Mouse ESE14 cells were plated at a density of 2.5 x 105 in a gelatin coated 6-well plate and in a 37�C, 5%CO2 incubator for 24 h. RNA

was purified from ESCs treated with BAF inhibitor BRD-K98645985 or a DMSO mock treatment for 16h. RNA was extracted using

TRIzol reagent (Life Technologies Corporation, Grand Island, NY) according to the manufacturer’s instructions and cleaned up using

RNeasy Mini Kit (Qiagen Inc., Valencia, CA). RNA libraries were prepared for sequencing using standard Illumina protocols.

Sequencing was performed using an Illumina HiSeq 2500. Reads were 100 bp and paired-ended. Reads were trimmed using Trim-

momatic and aligned to the mm10 reference genome using STAR. Gene expression levels were computed using htseq-count using

default parameters. Differential expression analysis was performedwith DESeq2 using default parameters (Anders andHuber, 2010).

Processed and unprocessed data is deposited in GEO GSE113627.

RNA-Seq Arid1a f/f ESCs
Arid1af/f mice were a kind gift from Terry Magnuson (UNC School of Medicine) (Chandler et al., 2015). Arid1af/f mice were bred to

Actin:CreERT2 mice to obtain Arid1af/+;ActinCreERT2, which were subsequently interbred with Arid1af/f mice. Timed matings

were set up between Arid1af/f;ActinCreERT2 and Arid1af/f and oviducts were flushed at day 3.5. ESCs were derived as described

(Ho et al., 2011). Arid1af/f:CreERT2 ESCs were treated with either ethanol or 1 mM 4-hydroxytamoxifen for 24 hours then passaged.

RNA was collected 72 hours after treatment. RNA was isolated using Quick-RNA Miniprep Kit (Zymo Research). RNA-Seq libraries

were prepared using either Illumina TruSeq RNA Library Prep Kit v2 or Illumina TruSeq Stranded mRNA Kit following the manufac-

turer’s instructions. Sequencing was performed using an Illumina HiSeq 2500. Reads were 50 bp and single-ended. Fastq files were

evaluated for quality using FastQC and trimmed using Trimmomatic. Trimmed sequences were mapped to the mm10 reference

genome using HISAT2 in single-end mode with default parameters. The average counts per million (cpm) was calculated for each

sample condition using custom R scripts, and differentially expressed genes were identified using the edgeR package in

Bioconductor (Robinson et al., 2010). A false discovery threshold of 0.05 was imposed using the toptags function of edgeR.

Processed and unprocessed data is deposited in GEO GSE113872

Cell Line Models of HIV-1 Latency
J-Lat A2 (LTR-Tat-IRES-GFP Cells) (Jordan et al., 2001) and J-Lat 11.1 (integrated full-length HIV-1 genomemutated in env gene and

harboring GFP in place of Nef) (Jordan et al., 2003)) cells were cultured in RPMI-1640 medium (Sigma Aldrich) supplemented with

10% FBS and 100 mg/ml penicillin-streptomycin at 37�C in a humidified 95% air-5% CO2 atmosphere. Cells were treated with

compounds or DMSO for 48 h, followed by quantitation of GFP positive cells using flow cytometry. Data was normalized as a fold

increase over DMSO treated control. Data are presented as mean of at least 3 independent experiments ± SD.

Ex Vivo HIV Latency Model
Viral pseudotyped particles were obtained by co-transfecting HXB2 Env together with the HIV-1 backbone plasmid

(pNL4.3.Luc.R-E-) into HEK 293 T cells using PEI (Polyethylenimine) transfection reagent. At 48 h and 72 h post-transfection, the
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pseudovirus-containing supernatant was collected, filtered through a 0.45 mm filter, aliquoted, and stored at � 80�C. Primary CD4 + 
T cells were isolated from buffy coats from healthy donors by Ficoll gradient followed by density-based negative selection of CD4+ 
T cells with RosetteSep kit (StemCells Technologies). Twenty-four hours after isolation, cells were spin-infected as described, with 

minor modifications (Lassen et al., 2012; Stoszko et al., 2016). CD4+ T cells were spin-infected at 1200 g for 2 h with the HBX2 Env 
pseudotyped pNL4.3-Luc virus. Eighteen hours after spin-infection cells were washed and cultured in growth media supplemented 
with 5 mM saquinavir mesylate. After three days, latently infected cells were treated with BAFi’s or left untreated for 24 h in the 
presence of 30 mM raltegravir, followed by luciferase assay (Promega). Data was normalized as a fold increase over untreated control. 
Synergy was calculated using Bliss score formula (Bliss, 1939): Sexp =[1 � (1 – A)3 (1� B)], where Sexp. is the expected percentage 
of cells reactivated after combinatorial treatment in absence of synergism and A and B correspond to the percentage of cells 
reactivated by the single treatments. Combination was considered synergistic if the observed effect of combined treatments was 
significantly higher than calculated value (Sexp.), and is indicated with an S in the figure.

Ex Vivo HIV Latency Model (Bosque-Planelles)
Primary CD4 + T cells were isolated from buffy coats from healthy donors by Ficoll gradient followed by density-based negative 
selection of CD4+ T cells with RosetteSep kit (StemCells Technologies). Twenty four hours after isolation primary CD4+ T cells 
were cultured in the presence of 10 ng/ml TGF-b (Sigma-Aldrich), 1 mg/ml a-IL-4 (PeproTech) and aCD3/CD28 dynabeads (Life 
Technologies) at the cell:bead ratio 1:1 for 3 days. aCD3/CD28 dynabeads were removed, cells washed and cultured for 4 days 
in growth media supplemented with 30 IU/ml rIL-2 (Roche) Then cells were washed and subjected to spininfection (90 min, 
1200 g) and incubated over-night. Next day cells were washed and re-suspended in growth media supplemented with 30 IU/ml 
rIL-2 and Saquinavir Mesylate (5 mM). Seven days post-infection cells were treated with BRD-K80443127 in increasing concentra-
tions or with PMA/Ionomycin in the presence of Raltegravir (30 mM). After 24 hours of stimulation cells were collected and subjected 
to the luciferase assay, RLU was normalized to the total protein content (Bosque and Planelles, 2009).

Biomarkers
CD4+ T cells were isolated from three healthy donors and treated in duplicate with 3 mM BRD-K80443127 or control DMSO for 16 
hours. Cells were lysed with TRIreagent (Sigma) and total RNA was isolated with Total RNA Zol-Out (A&A Biotechnology) kit and 
cDNA was synthetized using random primers and Superscript II Reverse Transcriptase (Life Technologies). Real-time PCR was 
performed using GoTaq qPCR Master Mix (Promega) on CFX Connect Real-Time PCR Detection System thermocycler (BioRad) 
using following conditions: 95�C for 3 min, followed by 40 cycles of 95�C for 10 sec and 60�C for 30 sec. Products quality was 
assessed by theirs melting curve analysis. Relative expression of target genes was normalized to b-2-microglobulin and calculated 
using Livak-Schmittgen method (Livak and Schmittgen, 2001). Primers: (p21: For-AGCAGAGGAAGACCATGTGGAC, Rev- TTT 
CGACCCTGAGAGTCTCCAG. cMYC: For- AAGCCACAGCATACATCC, Rev- GCACAAGAGTTCCGTAGC. B2M: For- AGCGTACTC 
CAAAGATTCAGGTT, Rev- ATGATGCTGCTTACATGTCTCGAT)

HIV Latency Reversal from Patient Samples
All patients were older than 18 years, c-ART treated for at least 3 years, and their viral loads were below 50 copies/ml for more than
12 months with no blips in the past two years. CD4+ T cells from aviremic HIV+ patients were isolated as described previously 
(Stoszko et al., 2016) with minor modifications. Briefly, frozen PBMCs were cultured in RPMI medium over-night to recover. Then 
next day CD4+ T cells were isolated twice (enriched CD4+ T cells were subjected to a second round of CD4+ T cell enrichment) 
and left for 6hrs to recover. Three million cells were treated with DMSO, 10 mM BRD-K80443127, 200 nM Prostratin, 10 mM BRD-
K80443127 and 200 nM prostratin, and aCD3/CD28 magnetic beads (at cell:bead ration 1:1) as a positive control in triplicate. After 
24 hours cells were lysed in TRIreagent (Sigma), total RNA was isolated with Total RNA Zol-Out (A&A Biotechnology) kit and cDNA 
was synthetized using random primers and Superscript II Reverse Transcriptase (Life Technologies). Detection of cellular associated 
pol RNA was performed as described previously (Pol: For GGTTTATTACAGGGACAGCAGAGA, Rev- ACCTGCCATCTGTTTTC 
CATA) (Stoszko et al., 2016). This study was conducted in accordance with the ethical principles of the Declaration of Helsinki. 
HIV-1 infected patient volunteers were informed and provided signed consent to participiate in the study. The study protocol was 
approved by The Netherlands Medical Ethics Committee (MEC-2012-583). cDNA generated from control and 10 mM BRD-
K80443127 treated samples was used to assess expression of BAF target genes biomarker genes– p21 and C-MYC. Primers:

(p21: For-AGCAGAGGAAGACCATGTGGAC, Rev- TTTCGACCCTGAGAGTCTCCAG. cMYC: For- AAGCCACAGCATACATCC, 
Rev- GCACAAGAGTTCCGTAGC. B2M: For- AGCGTACTCCAAAGATTCAGGTT, Rev- ATGATGCTGCTTACATGTCTCGAT)

Activation Markers, Apoptosis and Viability of Primary CD4+ T Cells

Activation markers, namely CD25 and CD69 were analyzed as described previously (Stoszko et al., 2016). Briefly, CD4+ T cells were

treated with DMSO, compound, or PMA/Ionomycin for 24 and 72 hours. Cells were collected, washed with PBS and stained for 
30 min at 4�C with a-CD25-APC (17-0259-42, eBioscience) and a-CD69-FITC (11-0699-42, eBioscience). Following two washes 
with PBS, cells were fixed with 1% HCHO at 4�C and analyzed by flow cytometry with Becton Dickinson Fortessa instrument. To 
determine percent of apoptotic cells after treatment cells were stimulated for 24 and 72 hours and stained with anti-AnnexinV-PE 
(BD Biosciences, cat. 556454) in the presence of 2.5 mM CaCl2 for 20 min at 4�C. Cells were analyzed by Becton Dickinson Fortessa
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flow cytometer. Data represents the average of six experiments performed on cells from different healthy donors. Viability of ex-vivo

infected primary CD4+ cells was determined by flow cytometry on the basis of forward versus side scatter analysis.

FAIRE
FAIRE experiment was performed as described, with minor modifications (Stoszko et al., 2016). Eighteen hours prior to analysis,

J-Lat 11.1 cells were treated with BAFi’s where indicated. Cells were fixed for 10min by adding formaldehyde to a final concentration

of 1% at room temperature. Twenty million cells were used per FAIRE experiment. The reaction was quenched with 125 mM glycine.

Cross-linked cells were washed with PBS followed by washes with buffer B and buffer C. For sonication, cells were re-suspended

in ChIP incubation buffer and chromatin was sheared by sonication to an apparent length of � 200–400 bp (corresponding to

� 100–200 bp of free DNA) using a BioRuptor sonicator (Cosmo Bio Co., Ltd) with 20 times 60-s pulses at maximum setting at

4�C. Sonicated chromatin was once phenol:chloroform:isoamyl alcohol (24:24:1) extracted, washed with chloroform:isoamylalcohol

(24:1) and ethanol precipitated. Isolated DNAwas subjected to Sybergreen qPCR cycles with specific primers (Nuc-0: For-ATCTACC

ACACACAAGGCTAC, rev-GTACTAACTTGAAGCACCATCC; HSS: for-AAGTTTGACAGCCTCCTAGC, rev-CACACCTCCCTGGAA

AGTC; Nuc-1: for-TTTGCCTGTACTGGGTCTCTCTGG, rev-CACAACAGACGGGCACACACT) with a CFX Connect Real-Time PCR

Detection System (BioRad) and GoTaq qPCR Mastermix (Promega).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details can be found in the Figure legends. Bar graphs are plotted as mean ± S.D. Statistical significance was calculated

using Prism 7. Asterisks indicate the level of significance using student’s T test (* p< 0.05 ** p< 0.01, *** p< 0.001, **** p< 0.0001).

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-Seq for Arid1af/f:CreERT2 ESCs reported in this paper is GEO: GSE113872. The accession num-

ber for the RNA-Seq for BRD-K98645985 treated ESCs reported in this paper is GEO: GSE113627.

ADDITIONAL RESOURCES

A full description of the high throughput screen and associated bioassays can be found on PubChem under assay number 602436.
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Figure S1 (related to Figure 1) 

S1: A. The identification of Corning® CellBIND® as a commercially available tissue culture surface that 
supports embryonic stem cell morphology (left) and pluripotency, as defined by alkaline phosphatase activity 
(middle). The luciferase induction was measured after lentiviral-mediated knockdown of Brg1 in the Bmi1-
luciferase reporter ES cell line grown in various cell culture support conditions (right). B. Screen 
Reproducibility: The activity scores for each compound and its replicate from the high throughput screen were 
plotted. Only compounds for which both replicates displayed activity were designated as hits. C. Screening tree 
overview of compound screening steps including primary screen, cheminformatics steps, confirmatory screen, 
counter screen and secondary screen. D. The structure activity relationship of the thiophene library members 
based on initial luciferase induction from the primary screen and from follow-up compounds. E. Immunoblot 
staining of ARID1A after chemoprecipitation with resin conjugated with the thiophene. F. Latency reversal in 
the ex vivo model of HIV latency. n = 4. Data presented as mean ± S.D. ** p<0.01 using Student’s T test. 
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Figure S2 (related to Figure 2) 

S2: A. Viability measurements in transformed embryonic kidney cell line HEK293T, lung cancer cell line A549, 
and hepatocellular carcinoma cell line HepG2 were performed after 72 h of compound or DMSO treatment 
using CellTiter-Glo®. B. The structure activity relationship of the eight stereoisomers of BRD-K21001652 and 
BRD-K83694683 based on initial luciferase induction from the primary screen. 
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Figure S3 (related to Figure 3) 

S3: A. Synthetic scheme for the 12-membered macrolactam core as adapted for solution phase synthesis from 
published procedures. B. Synthetic scheme for modifying the core at the aniline position, along with 
representative compounds included for full characterization (see full methods). C. Synthetic scheme for 
modifying the core at the or the amine position, along with representative compounds included for full 
characterization (see full methods). D. Structure activity relationship for compounds from the 30-membered 
solution phase library from Fig 3 with variations at the position of substituents on the aromatic ring. Activity was 
defined as the EC50 in the luciferase reporter screen and as the fold transcriptional change of three BAF 
targets (Bmi1, Ring1, Fgf4) at a single compound concentration (30 µM) determined using qRT-PCR. n = 3. 
Data presented as mean ± S.D. NA = no activity. 
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Figure S4 (related to Figure 4) 

S4:  A. Latency reversal with BRD-K80443127 was confirmed using the Bosque-Planelles ex vivo latency 
model (Bosque et al. 2009). Data are presented as mean ± S.D. Asterisks indicate the level of significance 
compared to untreated cells using student’s T test (* p< 0.05). B. T cell viability measured using CellTiter Glo® 
in the presence of inhibitors. C. Primary CD4+ T cells were stimulated for 24 and 72 hours with indicated 
concentrations of BRD-K80443127 or PMA/Ionomycin as a positive control. Bar plots show the percentage of 
cells expressing early activation marker CD69 (left) and late activation marker CD25 (right), respectively. Bars 
represent the average ± SD of experiments performed on cells isolated from two healthy donors. D. Synergy 
was calculated for concentrations of BRD-K80443127 with low concentrations of SAHA (350 nM) and prostatin 
(150 nM) using the Lassen ex vivo HIV-1 latency model (Lassen et al. 2012). n = 8. Synergy was calculated 
using Bliss score formula: Sexp =[1 − (1 – A)× (1− B)], where Sexp. is the expected percentage of cells 
reactivated after combinatorial treatment in absence of synergism and A and B correspond to the percentage 
of cells reactivated by single treatments. Combination was considered synergistic if the observed effect of 
combined treatments was significantly higher than calculated value (Sexp.), and is indicated with an S in the 
figure. 
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Figure S5 (related to Figure 5) 

S5: A. Pulldowns were performed from ES or 293T cell lysates pretreated with DMSO or 200 µM BRD- 
K25923209 using CAM2-56 or biotin prebound to streptavidin resin. B. The DNA-stimulated ATPase activity of 
immobilized BAF complex was measured in the presence of DMSO or macrolactam inhibitors (250 µM). C. 
Glycerol gradients were performed with nuclear lysates from cells treated 24 h with DMSO or BRD-K98645985 
(30 µM) and fractions were analyzed using immunoblot analysis. D. J-Lat A2 cells were treated with increasing 
concentrations of BRD-K80443127 and reactivation was quantitated at 48 h post treatment. Percent GFP 
positive cells (left axis, green bars) corresponding to the level of HIV-1 activation, and cell viability (right axis, 
transparent bars) were evaluated by flow cytometry. 
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Table S1. Solution phase macrolactam library. 

Broad ID 
number 

Activity 
(Bmi-Luc 
IC50 µM) 

Molecular 
Weight 

cLogP 
Solubility in 
water (µM) 

HepG2 
Toxicity 

(EC50 µM) 

A549 
Toxicity 

(EC50 µM) 

HEK293T 
Toxicity 

(EC50 µM) 

BRD-
K98645985-

001-02-5
4,5 573,7 4,2 30 >30 >30 >30

BRD-
K17257309-

001-01-8
37 573,7 4,2 26 >30 >30 >30

BRD-
K13449002-

001-01-5
12,6 573,7 4,2 2 >30 >30 >30

BRD-
K73070754-

001-01-6
NA 574,7 3,5 9 >30 >30 >30

BRD-
K90159582-

001-01-4
NA 587,2 3,8 89 >30 >30 >30

BRD-
K79740310-

001-01-5
NA 602,7 3,6 78 >30 >30 >30

BRD-
K02599060-

001-01-9
NA 510,6 3,2 93 >30 >30 >30

BRD-
K15849455-

001-02-4
NA 406,5 1,6 >100 >30 >30 >30

BRD-
K13648511-

001-02-4
NA 496,7 3,6 67 >30 >30 >30

BRD-
K92576614-

001-02-7
NA 497,6 2,6 97 >30 >30 >30

BRD-
K60351210-

001-01-3
NA 497,6 2,5 96 >30

>30
>30

BRD-
K77628901-

001-01-9
NA 497,6 2,5 86 >30 >30 >30

BRD-
K81318113-

001-02-3
NA 498,6 1,9 96 >30 >30 >30

BRD-
K26156119-

001-01-1
NA 514,6 3,7 66 >30 >30 27 

BRD-
K71642560-

001-01-8
NA 514,6 3,7 52 >30 >30 >30
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BRD-
K79609051-

001-01-5
NA 514,6 3,7 53 >30 >30 29 

BRD-
K55993513-

001-01-3
NA 625,8 4,8 7 >30 >30 >30

BRD-
K04244835-

001-01-4
NA 653,8 5,8 2 >30 >30 >30

BRD-
K09156915-

001-01-8
NA 665,8 5,8 1 >30 >30 >30

BRD-
K35928994-

001-01-2
NA 651,8 5,3 1 >30 >30 14 

BRD-
K54273824-

001-01-5
NA 623,8 4,5 11 >30 25 15 

BRD-
K51299478-

001-01-2
7,6 558,7 4,6 44 >30 >30 >30

BRD-
K49078264-

001-01-3
4,9 566,7 4,6 21 >30 >30 25 

BRD-
K80443127-

001-01-6
10,3 574,7 4,8 16 >30 >30 >30

BRD-
K25923209-

001-01-6
9,6 488,6 3,7 >100 >30 >30 >30

BRD-
K07674780-

001-01-4
NA 573,7 4,2 24 >30 >30 >30

BRD-
K14402067-

001-01-5
NA 573,7 4,3 22 >30 >30 >30

BRD-
K83453203-

001-01-9
NA 558,7 4,4 29 >30 >30 >30

BRD-
K41424247-

001-01-9
NA 496,7 3,6 57 >30 >30 >30

BRD-
K56499667-

001-01-4
NA 496,7 3,7 50 >30 >30 >30

BRD-
K09375388-

001-01-2
NA 481,6 3,8 68 >30 >30 >30
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Structures of 31 solution phase library members: 
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Table S2. List of Primers for Southern Blot Probes, qRT-PCR, and FAIRE, Related to Figures 1–5. 

RT-qPCR 
primers 

Mouse 

  Forward Reverse 

Bmi1 TACCATGAATGGAACCAGCA AAAGGAAGCAAACTGGACGA, 

Fgf4 GGGTGTGGTGAGCATCTTCGGA GGTATGCGTAGGACTCGTAGGGC 

Ring1 CTGGACATGCTGAAGAACA TCCCGGCTAGGGTAGATTTT 

Gapdh TGCACCACCAACTGCTTAG GGATGCAGGGATGATGTTT 

Human/HIV-1 

  Forward Reverse 

p21 AGCAGAGGAAGACCATGTGGAC TTTCGACCCTGAGAGTCTCCAG 

cMYC AAGCCACAGCATACATCC GCACAAGAGTTCCGTAGC 

Pol GGTTTATTACAGGGACAGCAGAGA ACCTGCCATCTGTTTTCCATA 

B2M AGCGTACTCCAAAGATTCAGGTT ATGATGCTGCTTACATGTCTCGAT 

FAIRE 
primers 

  Forward Reverse 

Nuc-0 ATCTACCACACACAAGGCTAC GTACTAACTTGAAGCACCATCC 

HSS AAGTTTGACAGCCTCCTAGC CACACCTCCCTGGAAAGTC 

Nuc-1 TTTGCCTGTACTGGGTCTCTCTGG CACAACAGACGGGCACACACT 

Southern 
probes 

3' 
probe 

Forward TTAAGCACATTGCCTCATTTCCAT 

Reverse CCAAGTTCCACTTCATTGGGTGTA 

5' 
probe 

Forward GGTCAGCAAGAAGGGAAGACACC 

Reverse CCAGGCTTACTGGAGGCTGGAAT 
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ABSTRACT Upon HIV-1 infection, a reservoir of latently infected resting T cells pre-
vents the eradication of the virus from patients. To achieve complete depletion, the
existing virus-suppressing antiretroviral therapy must be combined with drugs that
reactivate the dormant viruses. We previously described a novel chemical scaffold
compound, MMQO (8-methoxy-6-methylquinolin-4-ol), that is able to reactivate
viral transcription in several models of HIV latency, including J-Lat cells, through an
unknown mechanism. MMQO potentiates the activity of known latency-reversing
agents (LRAs) or “shock” drugs, such as protein kinase C (PKC) agonists or histone
deacetylase (HDAC) inhibitors. Here, we demonstrate that MMQO activates HIV-1 in-
dependently of the Tat transactivator. Gene expression microarrays in Jurkat cells in-
dicated that MMQO treatment results in robust immunosuppression, diminishes ex-
pression of c-Myc, and causes the dysregulation of acetylation-sensitive genes. These
hallmarks indicated that MMQO mimics acetylated lysines of core histones and
might function as a bromodomain and extraterminal domain protein family inhibitor
(BETi). MMQO functionally mimics the effects of JQ1, a well-known BETi. We con-
firmed that MMQO interacts with the BET family protein BRD4. Utilizing MMQO and
JQ1, we demonstrate how the inhibition of BRD4 targets a subset of latently inte-
grated barcoded proviruses distinct from those targeted by HDAC inhibitors or PKC
pathway agonists. Thus, the quinoline-based compound MMQO represents a new
class of BET bromodomain inhibitors that, due to its minimalistic structure, holds
promise for further optimization for increased affinity and specificity for distinct bro-
modomain family members and could potentially be of use against a variety of dis-
eases, including HIV infection.

IMPORTANCE The suggested “shock and kill” therapy aims to eradicate the latent
functional proportion of HIV-1 proviruses in a patient. However, to this day, clinical
studies investigating the “shocking” element of this strategy have proven it to be
considerably more difficult than anticipated. While the proportion of intracellular vi-
ral RNA production and general plasma viral load have been shown to increase
upon a shock regimen, the global viral reservoir remains unaffected, highlighting
both the inefficiency of the treatments used and the gap in our understanding of
viral reactivation in vivo. Utilizing a new BRD4 inhibitor and barcoded HIV-1 mini-
genomes, we demonstrate that PKC pathway activators and HDAC and bromodo-
main inhibitors all target different subsets of proviral integration. Considering the
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fundamental differences of these compounds and the synergies displayed between
them, we propose that the field should concentrate on investigating the develop-
ment of combinatory shock cocktail therapies for improved reservoir reactivation.

KEYWORDS BETi, Brd4, HIV latency, LRAs

Upon initial HIV-1 contagion, most of the afflicted CD4� T lymphocytes die rapidly
in response to viral infection. A major breakthrough in controlling HIV came in

1996 with the introduction of highly active antiretroviral therapy (ART), which is able to
sustain the population of T lymphocytes in patients. However, a small but significant
number of latent infected cells survive the antiviral therapy, and upon cessation of
treatment, the latent proviruses become capable of expression without obstruction,
and the viremia reemerges.

Active CD4� T lymphocytes possess the capacity to revert to a quiescent state with
minimal HIV-1 gene expression following the proviral integration and persist as long-
lived central or transitional memory T lymphocytes sheltering latent HIV-1 genomes.
These T lymphocyte populations harboring the latent reservoirs cannot be detected by
the immune surveillance, since viral antigens are not presented to immune effector
cells, and ART remains ineffective against an already integrated provirus. Unlike active
T lymphocytes, which have a short half-life, in a dormant state the memory T lympho-
cytes possess an estimated half-life of approximately 44 months and are thus consid-
ered to be the primary reason why the disease remains a chronic affliction (reviewed in
reference 1). Mathematical models predict that the eradication of a reservoir consisting
of 106 cells would take 73 years in vivo (2). Extensive efforts have been carried out
within the last 25 years to characterize these cells and to understand how HIV-1 is
regulated after integration and why it can remain transcriptionally latent.

In order to cure a patient, the viral reservoir must be either completely eradicated
or at least depleted to a level at which viral rebound is deemed unlikely (3). To achieve
HIV eradication from infected patients, it has been suggested that ART be combined
with drugs that “shock” the proviral transcription into activity and flush out the
dormant viruses (4). Following the reactivation of latent proviruses, the immune system
and cytopathogenicity are responsible for killing the infected cells, while the continu-
ous ART guarantees protection against further infection.

Small-molecule inhibitors are commonly regarded as the preferred method in
forcing molecular regulation. Due to technical reasons, like membrane penetration,
mechanical simplicity, rapid function, cost-effectiveness, and in vivo stability, the “shock
and kill” field is currently engaged in the identification and development of small-
molecule latency-reversing agents (LRAs). It has been proposed that HIV gene expres-
sion reactivators can be grouped into two categories: direct activators and noise
enhancers (5). The reasoning for this type of categorization is that the two groups of
drugs possess conceptually contrasting mechanisms on the latent viral promoter,
allowing them to synergize when combined (6).

Direct activators, such as protein kinase C (PKC) agonists, tumor necrosis factor alpha
(TNF-�), and T cell receptor agonists, are responsible for introducing stimulatory
transcription factors to the promoter (such as NF-�B and nuclear factor of activated T
cells [NFAT]) and stimulate the transcription process. Although these agents present
highly efficient rates of reactivation of proviral transcription, the downside of the
modulators is their aggressiveness. The highly potent compounds are incapable of
discriminating between infected and uninfected cells, leading to massive T lymphocyte
activation, a decrease in the patient’s immunological memory, and oftentimes a
cytokine storm. On the other hand, noise enhancers are responsible for modulating the
chromatin state, easing the access of transcription factors to the viral promoter, and
ultimately assisting the elongation process. This class of agents includes histone
deacetylase (HDAC), methyltransferase, and bromodomain inhibitors. HDAC inhibitors
(HDACi) have already been approved for clinical use against T cell lymphomas; thus,
due to patient safety reasons, these drugs are considered primary candidates in terms

Abner et al. Journal of Virology

May 2018 Volume 92 Issue 10 e02056-17 jvi.asm.org 

168

http://jvi.asm.org


of viral reactivation. Though the reported pilot studies utilizing HDAC inhibitors so far
have proven them to be less efficient than expected, there still is potential—most of
the completed clinical trials have shown an increase in intracellular viral transcription
and occasionally also a higher viral load, but none of the trials have yet reported a
decrease of viral reservoir size (reviewed in reference 7).

In the last 4 years, numerous studies have substantiated the notion that BET
bromodomain inhibitors (BETi) can trigger HIV transcription in latently infected cells,
thus activating viral replication (8–10). JQ1 was described as the first of its class as a
small-molecule inhibitor of bromodomain-containing protein 4 (BRD4), displaying the
highest affinity for the first bromodomain (BD1) of BRD4, and it has received much
attention for its therapeutic potential against multiple myeloma and other cancer types
related to the c-Myc oncogene (11–13). The effect of JQ1 in viral reactivation can be
explained by tilting the competition between BRD4 and Tat for association with the
P-TEFb kinase complex in Tat’s favor (14). A larger pool of P-TEFb becomes vacant to
associate with Tat and activate transcription elongation of the HIV genome. In line with
the activator-enhancer drug type classification, bromodomain inhibition has been
shown to confirm the premise of chromatin-loosening drugs synergizing with direct
NF-�B activators to reactivate viral transcription, both in laboratory Jurkat models and
under patient-derived ex vivo conditions (15, 16).

An excellent approach for discovering new antiretrovirus-activating small molecules
is using cell lines that harbor a minimal provirus genome. An example of a viral latency
model is the J-Lat A2 clone, described previously (17). A 4-kbp-long sequence consist-
ing of various elements from the full-length HIV-1 genome and a green fluorescent
protein (GFP) sequence (5= long terminal repeat [LTR]-Tat-internal ribosome entry site
[IRES]-GFP-3= LTR) was integrated into an intron of the UTX gene of the Jurkat T cell line.
In search of new LRAs, our group previously screened a library of 6,000 small molecules
to identify basic agents capable of reactivating the latent HIV-1 minigenome from A2
cells (18). Virtual screening for further similar chemicals and additional substitutions of
the functional groups in these compounds led to the identification of 8-methoxy-6-
methylquinolin-4-ol (MMQO). While the molecular mechanism of MMQO remained
elusive, it was shown that the molecule alone does not induce the transcriptional
activity of minimal promoters containing binding sites for the typical HIV-1-activating
transcription factors NF-�B, NFAT, AP-1, and Sp1. Furthermore, we observed that, in
addition to inducing HIV LTR transactivation, MMQO is also able to display immuno-
suppressive activity by repressing CD3-induced interleukin 2 (IL-2) and TNF-� promoter
activation (18).

Based on the previously published results with anti-CD3 (�-CD3) antibody treat-
ments, we hypothesized that MMQO functions through a pathway that exhibits immu-
nosuppressive properties. In addition, taking into consideration that MMQO affects
proviral transcription, a process that is highly dependent on cellular host factors, we
assumed it to be plausible that the drug would also affect the cell transcriptome on a
global scale. Therefore, we utilized gene expression microarrays to characterize and
identify the cellular pathways affected by MMQO. We reconfirmed the immunosup-
pressive behavior of the reagent and showed it to dysregulate genes known to be
sensitive to chromatin acetylation. By computational and biochemical means,
we determined that MMQO reverts HIV-1 latency by inhibiting the bromodomain
protein BRD4. Furthermore, utilizing the barcoded HIV ensembles (B-HIVE) meth-
odology (19), we were able to demonstrate how the inhibition of BRD4 influences
a different subset of latently integrated proviruses than does the inhibition of
HDACs or the activation of PKC-dependent pathways. The present study documents
a method to identify the molecular mechanisms of small molecules with unknown
targets and demonstrates that a scaffold bromodomain-inhibiting compound func-
tions on a population of HIV-1 integration sites different from those of other, more
commonly used LRAs.
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RESULTS
MMQO exerts its effect on HIV minigenome expression independently of viral

Tat protein. In order to determine the mechanism of action of MMQO, we sought to
determine whether MMQO could exert its effect independently of the viral Tat protein.
The discovery of MMQO was spearheaded by utilizing the latent HIV-1 J-Lat A2 clone,
which contains a minimal sequence of HIV-1, encoding only GFP and the viral Tat
protein (18). Although the Tat protein is considered a crucial component for efficient
HIV transcription, models containing latent minigenomes lacking Tat are known to
respond to external signals, albeit at lower efficiencies. Utilizing the GFP-expressing
J-Lat model E89 (20), which contains a latent Tat-negative construct, we found that
MMQO functioned similarly to our previous observations with Tat-expressing con-
structs (Fig. 1A). As a signal of viral expression, we monitored how cells expressed GFP
after 24-hour treatments with four different HIV-reactivating compounds alone or in
combination with MMQO via flow cytometry: the enhancer drugs hexamethylene
bisacetamide (HMBA) and the HDAC inhibitor SAHA (also known as vorinostat) and the
PKC pathway agonists phorbol 12-myristate 13-acetate (PMA) and prostratin. While

FIG 1 MMQO reactivates latent HIV independently of Tat and potentiates other LRAs. (A) MMQO exerts
its effect on the minigenome independently of viral Tat protein. Shown is flow cytometry analysis of a
previously established latent Jurkat E89 clone, which was infected with a Tat-negative GFP-expressing
minigenome as described previously (20). The cells were treated for 24 h with HMBA (0.5, 2.5, or 5 mM),
SAHA (0.1, 0.5, or 2.5 �M), PMA (1 to 4 or 10 nM), or prostratin (Prost.; 0.25, 0.5, or 1 �M) in combination
with MMQO (160 �M) or an equivalent volume of vehicle (DMSO). GFP expression intensity was
measured by FACS and expressed as a percentage of GFP-positive cells. Means and standard deviations
(SD) from an experiment performed in triplicate are shown. (B) MMQO potentiates LRAs rapidly. RT-qPCR
results show rapid activation of latent HIV by a PKC agonist and MMQO. E89 and A2 Jurkat clones were
treated for 1 h with MMQO (160 �M), PMA (10 nM), a combination of the two, or an equivalent volume
of DMSO as a vehicle. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was measured for normal-
ization, and the results are represented relative to results from the DMSO-treated cells. Primers to detect
the 5= LTR were used. Means and SD from 4 (E89) and 2 (A2) independent experiments measured in
duplicate are shown.
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MMQO alone exhibited a moderate response, it nevertheless strongly potentiated the
reactivating ability of the other drugs, as previously reported with Tat-expressing
viruses (18). As expected, PMA and prostratin were able to induce viral reactivation at
notably higher rates than the other three compounds, due to their roles as highly
potent NF-�B-stimulatory agents and because the latent cells were originally selected
as PMA responsive (20).

The effect of MMQO by itself or potentiating the effect of PKC pathway activators on
HIV reactivation was also observed upon 1-h drug treatments in both Tat-negative (E89)
and Tat-expressing (A2) J-Lat cells, as tested by reverse transcription-quantitative PCR
(RT-qPCR) (Fig. 1B). The rapid response to these drugs suggests that they function
directly on the HIV minigenome, as opposed to through a secondary wave of transcrip-
tional products. Similar to HDAC inhibitors, MMQO may function as a noise enhancer type
of drug. As expected, cells with the ability to express Tat upon initial HIV promoter
activation (A2 clone) were reactivated at considerably higher rates.

MMQO potentiates latency-reversing agents in ex vivo latently infected pri-
mary CD4 T cells. We also tested the activity of MMQO in an ex vivo infection primary
model of latency, which relies on direct spin infection of primary CD4� T cells with
full-length replication-incompetent HIV driving the luciferase reporter gene. We ob-
served a dose-dependent increase in luciferase activity after 24 h of stimulation with
MMQO (Fig. 2A), confirming the data obtained in T cell line latency models. We then
examined whether MMQO is capable of enhancing HIV latency reversal when used in
combination with other LRA class molecules, proposed to also function via distinct
mechanisms in primary latently infected cells. We costimulated latently infected pri-
mary CD4� T cells with MMQO alone or together with SAHA or prostratin, as indicated
(Fig. 2B). In accordance with our results from latent T cell lines, the activities of both
SAHA and prostratin were enhanced when the cells were cotreated with MMQO, with
MMQO-prostratin cotreatment reaching latency reversal over 40% of that obtained
with our positive-control PMA-ionomycin. Furthermore, the concentrations of MMQO
used alone or in combination treatment did not result in a significant decrease in
viability of primary CD4� T cells (Fig. 2C). Neither was there a significant increase in
apoptosis after 24 h or 72 h of stimulation with increasing concentrations of MMQO, as
determined by annexin V staining (Fig. 2D).

Global expression profile of MMQO treatment. Recognizing that the final output
of a drug’s functionality can be efficiently measured in mRNA production, we decided
to follow up the characterization of MMQO by utilizing a genome-wide Agilent mRNA
expression microarray platform with transcripts extracted from Jurkat cells treated or
not with MMQO. We opted to use native Jurkat cells for the microarray experiment in
order to identify MMQO’s mechanism of action without the possibility of interference
from the HIV-1 minigenome, specifically by the Tat protein, which has been reported to
reprogram the cellular epigenetic landscape (21). Considering how MMQO induces
minigenome expression to about an 8- to 10-fold increase after 8 h of treatment at 50%
effective concentration (EC50) (18), we concluded that 8 h was an appropriate treatment
time for the microarray experiments, since the specific target genes of MMQO might
respond similarly to HIV-1 promoter stimulation and be differentially regulated. In
addition, this relatively short treatment time should minimize excessive changes on the
protein level, which could otherwise cause unwanted secondary responses in the
transcriptome. The change of all transcripts between the untreated control groups and
the MMQO-treated groups was considered to show differential expression if the genes
presented a fold change of at least 1.5 with a P value lower than 0.05 after adjustment
for multiple tests (22). We determined that, in total, MMQO regulated 2,193 transcripts
at a fold change cutoff of 1.5 and 549 transcripts with a fold change of 2.0. As shown
in the volcano plot in Fig. 3A, it can be concluded that MMQO causes substantially more
potent downregulation as opposed to upregulation of genes. This trait is better
illustrated in the bar graph in Fig. 3B, where the percentages of differentially expressed
transcripts are sorted by fold change cutoffs. For a small collection of genes (n � 9), we
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performed an independent validation by qPCR to confirm the reproducibility of the
microarray (Fig. 3C).

The global nonspecific transcriptional response was unexpected, since we initially
anticipated identifying precise pathways with a low number of specifically regulated
genes, allowing us to predict the factors involved. Nevertheless, the strong downregu-
lation pattern of MMQO could partially be traced back to its immunosuppressive
nature—a substantial fraction of genes from this data set are known to be direct target
genes of NF-�B (see Table S1 in the supplemental material), while pathway analysis

FIG 2 MMQO potentiates LRAs in ex vivo latently infected primary CD4 T cells. (A and B) Dot plots showing latency reversal in ex vivo-infected primary CD4�

T cells. The data are presented as the fold increase in luciferase activity after 24-h treatment with an MMQO concentration gradient (A) and MMQO (80 �M)
cotreatments with SAHA (350 nM) or prostratin (400 nM) (B); each point represents a single measurement. The experiments were performed in duplicate using
cells isolated from 6 (A) or 4 (B) healthy blood donors. Student’s t test was used to confirm significant differences between treatments. *, P � 0.05. (C and D)
MMQO does not reduce viability and does not induce apoptosis in primary CD4� T cells. (C) Latently infected primary cells were left untreated (Untr) or treated
as indicated for 24 h, and viability was assessed by flow cytometry. (D) Uninfected primary CD4� T cells were left untreated or treated as indicated for 24 h
or 72 h, followed by annexin V staining and flow cytometry analysis. The data presented are the means of at least 3 independent healthy blood donors �
standard deviations. Gliotoxin (GTX) was used as a positive control for annexin V staining experiments.
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FIG 3 Global expression profile of MMQO treatment. Expression microarray (Agilent) analysis of Jurkat cells treated or not with MMQO for 8 h was performed
in duplicate. (A) Volcano plot of gene expression differences between treated and nontreated samples. The blue and red dots highlight all the statistically
significant downregulated/upregulated transcripts (fold change [FC] � 1.5; P � 0,05). The Myc gene and other genes that are regulated by acetylation-
dependent networks are highlighted. (B) The total number of protein-coding genes significantly up- or downregulated by 8 h MMQO were categorized into
four groups based on their mean fold changes compared to the untreated samples. The number of upregulated genes was divided by the number of
downregulated genes in each expression group, which is displayed as a percentage. (C) For a subset of genes, we performed an independent RT-qPCR validation
of microarray results from Jurkat cells treated with MMQO (80 �M) or DMSO for 8 h or left untreated. GAPDH was measured for normalization, and the results
are presented relative to untreated cells. The values obtained from the 8-h MMQO treatment microarray are displayed as gray bars. (D and E) Downregulation
of c-Myc by MMQO in Jurkat cells. (D) RT-qPCR results depicting MYC downregulation in Jurkat cells treated with MMQO (160 �M) at different time points (0
to 8 h). (E) RT-qPCR results showing MYC downregulation in native Jurkat cells treated with various doses of MMQO for 1 h. GAPDH was measured for normalization,
and the results are presented relative to untreated cells. The means and SD from a representative experiment measured in duplicate are shown. (F) Western blot
analysis of c-Myc protein expression. Jurkat cells were incubated for 12 h with MMQO (160 �M) or SAHA (5 �M) or left untreated. Total protein was extracted with
RIPA buffer and analyzed by immunoblotting against c-Myc and �-tubulin as a loading control. The arrowhead indicates the specific c-Myc band.
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suggested that at least nine immunogenic pathways are downregulated (see Table S2
in the supplemental material).

Utilizing the Gene Set Enrichment Analysis (GSEA) toolkit, we observed the most
significant MMQO-downregulated genes to be enriched in the transcription factor
c-Myc-related gene sets; of the top 10 gene sets that correlated most closely with the
genes downregulated by MMQO, 6 were canonically c-Myc dependent (see Table S3 in
the supplemental material). In marked contrast, MMQO treatment did not significantly
induce any gene set for transcription factors related to HIV-1 reactivation (e.g., NF-�B,
STATs, IRFs, or AP-1).

MMQO targets acetylation-sensitive genes. Other than the dysregulation of
immunosuppressive and c-Myc-dependent pathways among the GSEA results, HDAC-
related gene sets were largely enriched, with nine gene sets correlating positively and
three gene sets correlating negatively with MMQO treatment (see Table S4 in the
supplemental material). It should be noted that these HDAC data sets contain nearly
1,000 transcripts, coinciding with the broad response produced by MMQO and sug-
gesting the plausibility of MMQO being an HDAC inhibitor. A large proportion of the
genes encompassed in the HDAC data sets are additionally related to the immune
system, thus providing a possible explanation for the broad immunosuppression that
has been witnessed with MMQO (18). This observation is also in agreement with
previously published data showing that HDAC inhibitors have an immunosuppressive
impact on both Jurkat cells and regulatory immune cells in general (23). A significant
hallmark of HDAC inhibition in T cell leukemia cell lines like Jurkat is also the dysregu-
lation of c-Myc. The downregulation of MYC mRNA by MMQO was confirmed to be dose
dependent, extremely rapid, and persistent (Fig. 3D and E). The drastic decline of MYC
gene expression due to MMQO further translates into the protein level (Fig. 3F), similar
to the previously reported decrease caused by histone deacetylase inhibitors in Jurkat
cells (24).

We performed another microarray experiment to compare the change in the gene
expression profile between MMQO and the pan-HDAC inhibitor trichostatin A (TSA).
While the overlap of the two compounds is significant (Fig. 4A), noteworthy diver-
gences could also be highlighted. In total, 892 genes were differentially regulated by
MMQO, while TSA treatment affected 1,594 genes (fold change cutoff, �1.5); the

FIG 4 MMQO targets acetylation-sensitive genes. (A and B) Microarray analysis comparing 3-h MMQO (160 �M) and TSA (200 nM) treatments in
Jurkat cells. Expression data were obtained by hybridization with an Agilent Human microarray platform. (A) Scatterplot depicting the fold
changes for the 3,376 significant transcripts (q � 0.05) from the TSA and MMQO 3-h data sets. The Pearson correlation coefficient and the number
of genes in each quadrant are shown. (B) Venn diagrams of genes mutually upregulated or downregulated by MMQO or TSA (FC � 1.5; q � 0.05).
The sizes of the circles are proportional to the gene numbers. (C) MMQO does not cause global hyperacetylation. Jurkat cells were incubated for
24 or 48 h with MMQO (160 �M), SAHA (5 �M), or DMSO or left untreated. Total protein was extracted with RIPA buffer and analyzed by
immunoblotting against acetylated histone H4 (H4-Ac), H3, or H4K12 or total H3 as a loading control.
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overlap was 619 genes. Even though most of the MMQO-regulated genes are also
dysregulated by TSA, only a minority of TSA-regulated genes are dependent on MMQO.
A few of the prominent overlapping genes are highlighted in the volcano plot in Fig.
3A. The overlap between the two data sets is depicted in Venn diagrams, with up- and
downregulated genes depicted separately (Fig. 4B).

Other than the differing effects of the chemicals on the transcriptome, we did not
observe any global hyperacetylation of the chromatin in response to MMQO treatment
(Fig. 4C). However, it is noteworthy that both MMQO and HDAC inhibitors presented
potent immunosuppressive traits, hinting at coinciding mechanistic functions.

MMQO functions as a bromodomain inhibitor. A thorough review of the existing
literature based on our experimental data led us to hypothesize that MMQO might
function as a bromodomain-inhibiting protein, specifically by directly targeting the BET
protein family member BRD4. The BET family proteins are responsible for recognizing
acetylated chromatin via their bromodomains and for mediating transcriptional pro-
cesses globally. Besides reactivating HIV transcription both Tat dependently and inde-
pendently, downregulating c-Myc, and playing roles in proliferation and apoptosis,
bromodomain inhibitors like JQ1 have also been reported to mimic HDAC inhibitors in
their functions on the transcriptomes of cells from lymphoma lineages (25). The
similarities between HDAC and bromodomain inhibition stem from their mutual pro-
tein targets. While HDAC inhibitors promote global chromatin hyperacetylation, inhi-
bition of BET family proteins releases these proteins from the core histones, thus
exposing the already acetylated lysine tails of the nucleosomes.

In addition to targeting a similar set of genes, BET family inhibitors have been shown
to cause severe immunosuppression by disabling NF-�B’s ability to mobilize to inflam-
matory superenhancer regions by disabling the direct interaction between BRD4 and
the RelA subunit (26–29). We therefore performed another analysis comparing our
microarray data with previously published data sets from microarrays performed with
JQ1-treated J-Lat 10.6 HIV latency model cells (8). Even though there were crucial
differences between the setups of our MMQO experiment and the published JQ1
experiments (24 h for JQ1 versus 8 h for MMQO, native Jurkat versus Tat-expressing
J-Lat cells, and Agilent versus Affymetrix platforms), a significant overlap could be
observed between the transcriptomes of the two drugs (Fig. 5A and B). Of note, the
Pearson correlation coefficient is also higher than that for the previous comparison with
TSA and MMQO (0.841 versus 0.695) (Fig. 4A).

To validate the microarray results, we compared the behaviors of MMQO and the
gold standard BRD4 inhibitor, JQ1, alone or in combination, on HIV reactivation. The
effects of JQ1 (1 �M) and MMQO (160 �M) on the latent HIV minigenome were similar
in both Tat-positive (A2) and Tat-deficient (E89) minigenome-containing cells (Fig. 5C).
To quantitate the interaction of JQ1 and MMQO, we treated A2 J-Lat cells with nontoxic
increasing concentrations of both drugs (Fig. 5D). The ability of one drug to stimulate
HIV reactivation was consistently decreased in the presence of increasing concentra-
tions of the other drug, suggesting that the two drugs were targeting the same
repressive mechanism. At high concentrations, both drugs behaved with neither a
synergistic nor an additive pattern. This was further addressed using the Bliss indepen-
dence model for combined drug effects. This model assumes that the stimulants act
through separate mechanisms so that their effects multiply when administered in
combination. A drug combination with an effect significantly exceeding the value
predicted by the Bliss model can be said to exhibit synergy. We confirmed that JQ1 and
MMQO cotreatments did not exhibit synergy at medium and high doses, but rather
conformed to the predictions of the Bliss independence model (Fig. 5D, right) (�0,
synergy; �0, antagonism). However, synergy was apparent at the lowest doses, leaving
the Bliss testing partly inconclusive (see Discussion below).

Furthermore, we also examined the effect of MMQO cotreatment with JQ1 and
another BET inhibitor compound, OTX-015, on ex vivo-infected primary CD4� T cells.
Similar to what was observed in our T cell line models of latency, neither OTX-015 nor
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FIG 5 MMQO functions as a bromodomain inhibitor. (A) Correlation between the transcriptome responses to MMQO and JQ1 treatments with RNA expression
microarrays. Shown is a scatterplot of the fold changes for the 1,773 significant genes (q � 0,05) from the JQ1 24-h (8) and MMQO 8-h (this work) data sets.
The Pearson correlation coefficient and the number of genes in each quadrant are shown. (B) Venn diagrams of genes mutually upregulated or downregulated
by MMQO or JQ1 (FC � 1.5; q � 0.05). The sizes of the circles are proportional to the gene numbers. (C) MMQO and JQ1 affect expression of the latent HIV-1
minigenome similarly. The indicated latently infected Jurkat clones were treated with MMQO (160 �M) or JQ1 (1 �M) for 24 h, and HIV expression was analyzed
by FACS and expressed as a percentage of GFP-positive cells. The experiment was performed in triplicate. (D) MMQO and JQ1 do not synergize on HIV
reactivation. J-Lat A2 latently infected cells were treated with various doses of MMQO (40 to 160 �M) or JQ1 (0.1 to 2 �M) for 24 h, and HIV expression was
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JQ1 was able to elicit synergistic latency reversal when used in combination with
MMQO. Cotreatment resulted in a moderate additive-effect increase in luciferase
activity, supporting the notion that MMQO targets the same repressive mechanism as
OTX-015 and JQ1 (Fig. 5E).

To fully confirm that MMQO preferably displays BET-inhibitory behavior, we com-
pared the effects of two known BRD4 inhibitors (JQ1 and RVX-208) and two HDAC
family inhibitors (SAHA and TSA) on the MMQO-specific genes identified in the pre-
ceding microarrays. For this assay, we specifically concentrated on genes that showed
opposite regulation by TSA in the 3-hour microarray (Fig. 4A, top left and bottom right
quadrants). As a control for the proper functioning of the compounds, we additionally
included genes universally dysregulated by both classes of drugs, like IRF7, MYC, RAG1,
and CXCR7. Indeed, following a 3-h treatment with the five reagents, we witnessed
MMQO displaying BET inhibitor-like behavior (Fig. 5F). As anticipated, we observed that
HDAC inhibitors showed expression patterns similar to those of BET bromodomain
inhibitors on the universal target genes. IRF7 was upregulated by both classes of drugs,
while MYC, CXCR7, and RAG1 showed strong downregulation by all the drugs, further
confirming the similarities between the two classes of compounds. However, MMQO-
specific genes, like ADM, IFIT1, CCR7, ICOS, and LRIG1, were downregulated by bro-
modomain inhibitors but were upregulated by HDAC inhibitors. ZBTB1 and MEPCE
displayed potent downregulation by TSA and SAHA while being upregulated and
unregulated by bromodomain inhibitors, respectively. According to this assay, all the
chosen MMQO target genes displayed the expected differential regulation by the
corresponding classes of drugs.

Furthermore, similar conclusions could be drawn by looking at the microarray data.
Of the 295 genes upregulated with MMQO and downregulated with TSA in the
scatterplot in Fig. 4A (3 h; q value � 0.05), 55 genes were upregulated with JQ1 and
none was downregulated, according to the JQ1 microarray data shown in Fig. 5A (24
h; q � 0.05). Of the 309 genes downregulated with MMQO and upregulated with
TSA, 32 genes were downregulated with JQ1 and only 3 were upregulated (see Fig. S1
in the supplemental material).

In conclusion, consistent with the hypothesis that MMQO is a BRD4 inhibitor, we
observed that genes that were differentially regulated by MMQO were also specifically
dysregulated by the bromodomain inhibitors JQ1 and RVX-208. Furthermore, MMQO
and bromodomain inhibitors acted nonsynergistically on the reactivation of latent HIV.

Structural basis of MMQO interactions with the bromodomains of BRD4. To
understand MMQO recognition by the bromodomains (BD1 and BD2) of BRD4, we next
performed a nuclear magnetic resonance (NMR) binding study using 1H/15N heteronu-
clear single quantum coherence (HSQC) spectra to assess MMQO binding to BD1 or BD2
of BRD4. As shown in Fig. 6A, both 15N HSQC spectra exhibited major chemical shift
perturbation of key residues upon addition of MMQO to the protein solution, confirm-
ing that MMQO is able to bind to both BD1 and BD2. We determined the binding
affinities of MMQO to BD1 and BD2 of BRD4 with a Kd (dissociation constant) of 5.45 �M
for BD1 and a Kd of 3.44 �M for BD2 using isothermal titration calorimetry (ITC) (Fig. 6B).

To determine the detailed molecular basis of MMQO recognition by BRD4 bromodo-
mains, we solved the three-dimensional structure of BRD4 BD1 bound to MMQO using
heteronuclear multidimensional NMR spectroscopy (Fig. 6C). Analysis of the 20 final

FIG 5 Legend (Continued)
analyzed by FACS and expressed as a percentage of GFP-positive cells. Calculation of synergy for the different combinations was carried out according to the
Bliss independence model (16) and is represented as a heat map on the right. The experiment was performed in triplicate. (E) Ex vivo-infected primary CD4�

T cells were left untreated or treated with 80 �M MMQO alone or in combination with 1 �M OTX-015 or 150 nM JQ1 for 24 h, followed by luciferase assay;
each point represents a single measurement. Experiments were performed in duplicate using cells isolated from at least 3 healthy blood donors. Student’s t
test was used to confirm significant differences between treatments. *, P � 0.05. A P value of 0.08 is also shown. n.s., nonsignificant. (F) RT-qPCR analysis of
the effects of BETi and HDACi on genes selected for their opposite expression in the 3-h MMQO/TSA arrays. Jurkat cells were treated for 3 h with MMQO (160
�M), RVX-208 (80 �M), JQ1 (1 �M), SAHA (5 �M), or TSA (200 nM). GAPDH was measured for normalization, and the results are represented relative to untreated
cells. The heat map color coding represents the fold change to untreated cells. The experiment was performed in duplicate, and only genes that had reliable
SD values are depicted.
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FIG 6 Structural analysis of MMQO interaction with BRD4 bromodomains. (A) Two-dimensional (2D) 15N-HSQC spectrum of BRD4 BD1 (left) or BD2 (right) in the free
form (black) and in complex with MMQO compound (red). The protein concentration was 0.1 mM, and the molar ratio of the protein to the compound was 1:5. (B)
ITC measurement of BRD4 BD1 or BD2 binding to MMQO. (C) Ribbon depiction of the lowest-energy NMR structure of BRD4 BD1 (light blue) in complex with MMQO
(green). (D) Ribbon and stick diagram of BRD4 BD1 binding pocket showing side chain interactions of protein residues in BRD4 BD1 with MMQO. BD1 residues
involved in ligand binding are colored light blue, and MMQO is green. The orientation is the same as in panel C. (E) Electrostatic potential surface representation
of BRD4 BD1 bound to MMQO (green). The quinoline pyridine ring is exposed to the solvent outside the pocket. The orientation is the same as in panel C.
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NMR structures of the complex revealed root mean square deviations (RMSDs) of 0.16
Å and 0.50 Å for secondary backbone and heavy atoms, respectively (data not shown;
see Table S5 in the supplemental material), signifying well-resolved NMR structures
with highly refined conformations. Superimposing backbone atoms between the NMR
structure of the BRD4 BD1-MMQO complex and the crystal structure of the BRD4
BD1-MS417 complex (Protein Data Bank [PDB] accession no. 5Z9C and 4F3I, respec-
tively) yielded an RMSD at 0.94 Å, indicating that the protein structures are similar in
different ligand-bound states (data not shown).

Although MMQO and MS417 bind similarly into the BRD4 BD1 pocket, MMQO does
not form a hydrogen bond interaction with Asn140 of BD1, which is key for acetyl-
lysine, as well as MS417, binding (30, 31). Nevertheless, the carbonyl group of the
quinoline ring in MMQO is close to the side chain amide of Asn140. The aromatic ring
with two methyl groups (ring A) intercalates into the acetyl-lysine binding pocket in
BRD4 BD1, and the methyl group was observed to have nuclear Overhauser effect
(NOE) signals in the NMR spectra to side chain atoms of Val87, Leu92, Leu94, Tyr139,
and Ile146, indicating ligand recognition involving hydrophobic interactions (Fig. 6D
and E). The methoxy group of ring A is bound in the WPF (Trp81, Pro82, and Phe83)
groove and shows hydrophobic interactions with Trp81, Pro82, Val87, Leu92, and
Ile146. Also, an aromatic orthoproton with respect to the methyl and methoxy groups
of ring A displays hydrophobic interactions with Phe83, Val87, Cys136, Ile146, and
Ala150, while the paraproton to the methoxy group interacts with Leu92, Leu94, and
Ile146. The quinoline pyridine ring is exposed to the outside of the binding pocket,
and protons on the pyridine ring did not show any intermolecular NOEs to the protein.
Because the residues of BRD4 BD1 involved in MMQO binding are conserved in BD2,
this explains why BD2 binds to MMQO with similar affinity.

Altogether, the RT-PCR, microarray, and in vitro experiments convincingly demon-
strated that MMQO interacts with the two bromodomains of the BRD4 protein, thus
forcing the dysregulation of the acetylation-sensitive transcriptome.

BET inhibitors reactivate latent HIV-1 integrations distinct from those of HDAC
inhibitors and PKC pathway agonists. Understanding how MMQO functions allowed
us to investigate its effect on the latent minigenome more adequately. Recently, a
method called B-HIVE was proven to function as an effective tool to map HIV inserts
across different integration loci throughout the genome and to correlate their respon-
siveness to LRAs (19). Utilizing this new method, we intended to characterize the
specific subsets of proviral integrations capable of being reactivated by BRD4 inhibition
with MMQO and JQ1. As mechanisms for comparison to bromodomain inhibition, we
also included SAHA as an HDAC inhibitor and prostratin as a PKC pathway-inducing
agent.

Native Jurkat cells were first infected with a barcoded library of GFP-expressing
minigenomes. Four days later, the GFP-positive cells were sorted by fluorescence-
activated cell sorting (FACS) and left to expand for 19 days. The GFP-negative cells were
then isolated, cultured for 2 weeks, and used for treatments. Following a 24-hour
treatment in duplicate with either MMQO, JQ1, SAHA, prostratin, or an equivalent
volume of dimethyl sulfoxide (DMSO) as a vehicle, we extracted RNA from the treated
cell pool and amplified the reverse-transcribed viral cDNA with HIV-specific primers.
Each reactivated provirus produced a barcoded transcript, allowing us to distinguish
it from the others. The amplified barcodes were then submitted to sequencing and
bioinformatics analysis to determine specific proviruses that were activated by each
treatment. Hierarchical clustering carried out on the reactivated barcodes confirmed
the tight clustering of the duplicate controls (Fig. 7A). More importantly, the MMQO-
treated samples clustered remarkably well with the JQ1-treated samples, confirming
MMQO specificity as a bromodomain-inhibiting reagent. To our surprise, the respond-
ing barcodes from prostratin and SAHA treatments grouped together but separately
from the bromodomain-inhibited samples. This result demonstrates how different
subsets of HIV-1 minigenome integrations are activated by separate canonical reacti-
vating mechanisms. The dendrogram denoting expression of all sequenced integra-
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tions shown in Fig. 7A demonstrates how prostratin activates a larger number of HIV
integrations, and to a greater extent than the other drugs, in agreement with the data
shown in Fig. 1. The integrants responded almost identically to MMQO and JQ1 but
differently to SAHA, confirming once more the functionality of MMQO.

FIG 7 Effects of bromodomain inhibitors on individual proviruses. (A) Cells infected with a barcoded
library of HIV minigenomes and sorted for silenced HIV were treated with either MMQO, JQ1, SAHA,
prostratin (PRO), or DMSO for 24 h. RNA was extracted and subjected to B-HIVE to determine the specific
proviruses that were activated with each treatment. Shown is a heat map and its corresponding
dendrogram of the mRNA tag counts of proviruses under different conditions. The experiment was
performed in duplicate with each sample sequenced twice. (B) Scatterplots of the mRNA tag counts of
proviruses for MMQO compared to other drugs. (C) Pearson correlation coefficients corresponding to the
scatterplots of the mRNA tag counts of proviruses under different conditions.
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Next, in scatterplots, we compared the mRNA barcode tag counts of proviruses
under each condition (Fig. 7B and C). Again, MMQO response was strongly correlated
with JQ1, similar to the duplicates, and the lowest correlation was with prostratin. This
indicated that the responses of each provirus were very similar between treatments
with drugs from the same functional family and reproducible with the same drug.
However, there was substantial variation in the expression of the same provirus treated
with different drugs. Thus, bromodomain inhibitors stimulate different subsets of latent
proviruses than HDAC inhibitors or PKC agonists. The high correlation (0.92) between
the relative expression of the proviruses upon MMQO and DMSO treatment indicates that
MMQO has similar effects on most of the proviruses. If MMQO acted strongly on only a
subset of the proviruses, the overall distribution of expression would differ and the
correlation with DMSO treatment would decline further (as in the case of prostratin).

Next, we ranked the proviral integrations as a function of their response to each
drug and focused our analysis on the top 15% and 50% of responders to each drug.
Most of the MMQO and JQ1 top responsive proviruses were common between the two
drugs (see Fig. S2 in the supplemental material). Approximately 75% of these proviruses
were inserted within active genes (the rest consisted of 6% in enhancers and 19% in
intergenic regions). Among the 38 genes that hosted an HIV integration that responded
to MMQO and JQ1 (from the list of the top 50% of responders), 9 were dysregulated
upon MMQO treatment in our microarray experiment (4 genes were upregulated, and
5 were downregulated). All of these genes contain at least a region enriched in BRD4
according to chromatin immunoprecipitation sequencing (ChIP-seq) data in Jurkat cells
published previously (GEO accession number GSE83777). In Fig. S3 in the supplemental
material, we present snapshots of several of these genes. Therefore, proviruses that
respond to BET inhibitors do not need to be inserted in genes that respond to the drug.
This is in line with the finding that there is no correlation between the expression of the
HIV provirus and its host gene (19). In fact, BRD4 is present at the promoters of a vast
majority of host genes, colocalizing with the RNA polymerase (see Fig. S3 in the
supplemental material; data from GSE83777). According to the MMQO and JQ1 mi-
croarrays mentioned above, only a minor proportion of genes showing BRD4 at the
promoter are affected by treatment with BETi.

In conclusion, we report that MMQO, despite having a very different chemical
structure, behaves like JQ1 and other BETi on HIV and global host gene expression,
targeting BRD4 directly. BETi reactivate a subset of HIV proviruses with limited overlap
with HDACi and PKC agonists. Although most proviruses are hosted within active genes
and genes may present BRD4 at their promoters, HIV activation by BETi does not
correlate with the response of the corresponding host genes to these drugs.

DISCUSSION

In this work, we describe a workflow to characterize and determine the mechanism
of a novel HIV-1-reactivating scaffold compound. Combining simple HIV-1 latency
models with basic biochemical methods, RNA expression microarray technologies, and
in vitro ligand identification methods, we demonstrate that MMQO interacts with
bromodomains of BRD4 and functions as an inhibitor of the protein. BRD4 inhibition as
a mechanism provides potential not only in anti-HIV settings, but also for suppression
of tumorigenesis and as a regulator of immunomodulatory clinical applications. As
indicated in the comparative microarrays between HDAC and bromodomain inhibition,
the latter mechanism targets a more limited set of genes, which could possibly
highlight the possibility that BET inhibitors have fewer side effects in clinical applica-
tions than HDAC inhibitors. Nevertheless, bearing in mind the simplistic structure of
MMQO and the molecular promiscuity of BET family inhibitors in general (reviewed in
reference 32), it is possible that MMQO additionally targets other bromodomains that
we were not able to identify due to the constrained mRNA and protein expression
detection-based methods.

Functional evaluation of MMQO. The quinoline scaffolds that MMQO is composed
of have previously been called “privileged structures” with rich diversity in biological
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properties (33). Numerous quinoline-structured chemotherapeutics are currently avail-
able on the market (e.g., lenvatinib, topotecan, and irinotecan), and they have been
found to be applicable in research settings. Quinolines are applied as DNA intercalators,
G quadruplex structure stabilizers, androgen receptor antagonists, metal ion chelators,
and antimitotic agents. A large variety of inhibitors of tubulin polymerization, histone
acetyltransferases, topoisomerases, kinesins, mTOR, PARP, proteasomes, and mitogen-
activated protein kinases (MAPKs) have also been developed. Immunomodulatory
effects of quinolones have been described with HDAC-, sirtuin-, STAT3-, and NF-�B-
inhibitory chemicals (reviewed in reference 34). The 8-hydroxyquinoline structures,
which served as lead compounds for designing MMQO, are specifically known to
present excellent scaffold compound characteristics and have shown promise in the
development of anticancer, antifungal, and antiparasitic agents and even as HIV
integrase inhibitors (35). Although MMQO displays potential as a new class of bro-
modomain inhibitor, broader in vitro assays targeting the whole BET family should be
carried out in order to evaluate its specificity toward their different bromodomains.

During the complex process of lead compound design, the drug-related factors that
have to be taken into account are its potency, half-life in physiological settings, ease of
extraction or synthesis, molecular weight (smaller molecules diffuse better), and num-
ber of reactive hydrogen bonds, among other requirements (reviewed in reference 36).
Following the discovery of the first BRD4 inhibitor in 2010, various small molecules
besides JQ1 have been designed. The most successful reagents are based on the
triazolodiazepine structure (such as JQ1, CPI-203, OTX-015, and I-BET-762), but alter-
native scaffolds have also been proposed (37). Although quinoline structures have been
the basis for BRD4 inhibition, as well (38), to our knowledge, none of these preliminary
compounds has been developed into a final commercially available product.

MMQO provides a new minimalistic yet optimizable platform to design inhibitors of
the BET family proteins, whether for clinical applications or simply as biochemical tools
for research use. With the existing structure, we demonstrated that MMQO inhibits both
BD1 and BD2 of BRD4 with similar potencies. To our surprise, the affinity between BRD4
and MMQO exists independently of interaction with the asparagine residues, normally
a compulsory feature for bromodomain inhibitors. As a starting point for modification,
improvements could be carried out on the benzene ring of MMQO to improve its
affinity for the asparagine residues of bromodomains. Additionally, enhancement of
MMQO could be achieved by designing additional functional groups to interact with
the solvent-exposed WPF shelf of the BET family proteins, which are lacking in the
existing MMQO structure but are necessary to determine the drug’s higher affinity and
specificity.

Along with our studies, we tested another bromodomain inhibitor for HIV reactiva-
tion, RVX-208, known to bind preferentially to BD2 domains of BET family proteins (39).
Reactivation was achieved with doses �20 times higher than those normally used for
BD2 inhibition (data not shown), suggesting that the compound functions on the HIV-1
minigenome through nonspecific mechanisms, most probably by inhibiting the BD1
domain of BRD4. Our results suggest that inhibition of BRD4 BD2 alone is not sufficient
to rescue the HIV-1 minigenome from latency. BD2 has been previously shown to bind
the triple-acetylated cyclin T1 subunit of the P-TEFb complex, thus regulating its
transcriptional activity (40). The lack of HIV-1 reactivation in this context suggests that
the chemical inhibition of BD2 is not a sufficiently potent mechanism to increase the
global free P-TEFb pool that can be hijacked by the viral Tat protein. Interestingly, our
results with Tat-negative minigenomes highlight the fact that bromodomain inhibitors
function independently of the Tat protein, suggesting that BRD4 could potentially
harbor an alternative suppressive mechanism in HIV-1 transcription, aside from its
canonical competition with the P-TEFb complex. Analogous observations were also
made with similar HIV-1 minigenomes (9, 41). The exact repressive roles of BRD4 on the
HIV-1 promoter remain elusive and should be further studied.

JQ1 is known to additionally inhibit the second bromodomain of BRD4 (BRD4 BD2),
as well as other members of the BET family (42). If the drug can target multiple sites
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simultaneously, even on the same protein, then according to the Bliss model, it can
be considered to have different mechanisms. This could explain the synergism we
observed between MMQO and JQ1 at low doses. Nevertheless, at higher doses, this
synergy dissipates, suggesting that the effect on the latent minigenome can easily be
saturated and the alternative BET-inhibitory mechanisms can be overwhelmed.

Reimagining the shock. CD4� T lymphocytes are known to migrate and reside in
various organs besides the blood, including the brain, lymph nodes, gut, lungs, and
female reproductive tract, to name a few (43). Since only 2 to 5% of the total CD4� T
lymphocyte population resides in the blood, it is crucial that the proposed new LRAs
possess the ability to diffuse to and function in different tissues. In addition to
participating in various physiological functions, the migrated T lymphocytes might also
possess diverging phenotypes, which could further interfere with drug responsiveness.
The uneven outcomes due to the differences of individual compounds in the case of
shock and kill therapies have already been observed: even though the HDAC inhibitors
romidepsin and panobinostat increased plasma viremia and T lymphocyte activation,
SAHA failed to do so (reviewed in reference 7). Furthermore, prior experiments utilizing
the B-HIVE method demonstrated how SAHA targeted proviral integration sites sepa-
rate from those targeted by phytohemagglutinin (PHA), primarily by reactivating
minigenomes in the vicinity of gene enhancers (19). Due to the complex nature of the
infected cells, a large variety of LRAs have to be identified and developed for tissue
penetration, cell type, and provirus integration locus specificity.

Employing the same B-HIVE technology, we illustrated how bromodomain inhibition
additionally targets separate subsets of integration events. Based on the distinct
targeting mechanisms and the synergies witnessed among the tested compounds
(MMQO, prostratin, and SAHA), these different agents might in the future have to be
administered as cocktail regimens for an efficient shock and kill therapy. Ideally this
shock cocktail should have minimal effect on T lymphocyte activation and global
chromatin stability yet be able to maximally induce proviral reactivation. Even though
small-molecule PKC pathway agonists like PMA, prostratin, and bryostatin 1 are known
to lead to a cytokine storm in clinical trials against cancer, the doses needed for viral
reactivation result in minimal cytokine release from T lymphocytes under ex vivo
conditions (16). Additionally, the inhibitors of histone deacetylases, like valproic acid,
TSA, and SAHA, have been shown to maintain the activation of resting T lymphocytes
at a minimal level (reviewed in reference 44).

According to recent observations, once HIV-1 transcription passes the first phase of
Tat production, HIV-1 expression can function autonomously of cellular relaxation due
to the potency of the positive-feedback loop of Tat (45). This fact suggests that HIV-1
reactivation should be possible in resting CD4� T lymphocytes in a clinical setting, as
well. More importantly, it implies that for an efficient therapy, activating only the first
block of viral transcription (Tat protein production) should be enough to initiate the
shock cascade. We propose that further assays be carried out to fully comprehend the
effects of mixtures of reagents with distinct mechanisms of action in combination with
the B-HIVE technology. Furthermore, these experiments should be carried out in
Tat-negative models for added benefit, since in a physiological latency setting, the viral
Tat protein is not sufficiently abundant. Alternatively, CD32a was recently identified as
a specific marker of quiescent and latently infected HIV-harboring T lymphocytes (46).
For additional clinical significance, the optimal synergies between the different classes
of drugs for clinical pilot studies could be identified by utilizing quantitative viral
outgrowth assays of sorted CD32a-expressing T lymphocytes isolated from HIV-positive
patients. The clarification of the full potential of the synergies these compounds will
generate could lead to a clinically acceptable regimen that is also capable of delivering
the needed reservoir reactivation within patients.

Currently the HIV research field is still struggling with crucial unanswered questions
on latency, such as the location of viral reservoirs within the patient, the cell types
harboring these proviruses, and their responsiveness to LRA (reviewed in reference 47).
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We think that no single compound is diverse or potent enough to qualify as a universal
solution and to reactivate the whole quiescent viral reservoir; thus, a combination of
optimally synergizing pharmaceuticals administered at safe doses would be needed for
a maximal proviral response. As an added benefit, the cocktail compounds could
theoretically be administered at lower doses than their individual components, since
ideally the synergy between the reagents should exceed the potential of any single
agent. With the recent development of new chemicals to reactivate latent HIV via
alternate pathways, like Toll-like receptors (48, 49) and the inhibition of the SWI/SNF
complex (50), a broad range of possible cocktails can be assayed for efficacy. Keeping
in mind that MMQO targets a unique subset of proviral integrations, bromodomain
inhibitors could play a decisive role in the design of efficient shock remedies.

MATERIALS AND METHODS
Cell lines, culturing conditions, and cell treatments. Jurkat cells or latently infected derivatives

carrying the pEV731 or pEV658 minigenome (LTR-Tat-IRES-GFP-LTR) were grown at 37°C with 5% CO2 in
RPMI 1640 medium (Sigma; R8758) supplemented with 10% fetal bovine serum (FBS) without additional
antibiotics. Jurkat clones and heterogeneous Jurkat populations were described previously (17, 18).
Heterogeneous HeLa cell populations were created according to a previously described protocol (17).
HEK293T and HeLa cell lines were grown at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium
and GlutaMax medium containing 10% FBS supplemented with 100 U/ml penicillin and 100 �g/ml
streptomycin.

When indicated, cells were treated with reagents at the concentrations and for the durations
provided in the figure legends. All the reagents were dissolved in DMSO, and when possible, the
concentration of DMSO was kept at 1 �l/ml or below. DMSO, PMA, HMBA, prostratin, and TSA were
purchased from Sigma and SAHA, JQ1, and RVX-208 from Selleck Chemicals. All the reagents were
diluted in DMSO.

Primary CD4� T cell isolation and infection. Primary CD4� T cells were isolated from buffy coats
from healthy donors by Ficoll gradient, followed by density-based negative selection of CD4� T cells
using RosetteSep (Stem Cell Technologies, Cambridge, United Kingdom). After isolation, the cells were
left for 24 h to rest, followed by infection as previously described, with minor modifications (51). Briefly,
CD4� T cells were infected with the pNL4-3.Luc.R� E� virus by spinoculation at 1,200 	 g for 120 min.
The spin-infected cells were incubated overnight at 37°C in a humidified 95% air-5% CO2 atmosphere.
The next day, the cells were washed and cultured in RPMI 1640 medium (Sigma) supplemented with 10%
FBS, 100 �g/ml penicillin-streptomycin, and 5 �M saquinavir mesylate. Three days after infection, the
cells were left untreated or treated as indicated in the presence of 30 �M raltegravir. Cells were harvested
24 h after stimulation, and luciferase activity was measured with a luciferase assay system (Promega,
Leiden, Netherlands). Viral pseudotyped particles were generated as previously described (50). The data
were normalized either as the fold increase over the untreated control or as percent PMA. The following
compounds were used to stimulate cells: PMA (Sigma-Aldrich), ionomycin (Sigma-Aldrich), SAHA/
vorinostat (Selleck Chemicals), prostratin (Sigma-Aldrich), pyrimethamine (Sigma-Aldrich), CAPE (MP
Biomedicals), OTX-015 (ApexBio), and JQ1 (Sanbio).

Apoptosis and viability of primary CD4� T cells. In order to determine apoptosis, primary CD4�

T cells were left untreated or stimulated in duplicate for 24 and 72 h, as indicated. The cells were washed
with Dulbecco’s phosphate-buffered saline (DPBS) (Lonza) supplemented with 3% serum, 2.5 mM CaCl2
and stained with anti-annexin V-phycoerythrin (PE) (BD Biosciences; catalog no. 556454). The viability of
the ex vivo-infected primary CD4� T cells was measured by flow cytometry on the basis of forward versus
side scatter. Samples were analyzed with a Becton Dickinson Fortessa flow cytometer. The data represent
cells isolated from at least 3 independent buffy coats.

Microarrays. Total RNA was extracted using a High Pure RNA isolation kit (Roche) according to the
manufacturer’s instructions. High RNA integrity was assessed by Bioanalyzer nano-6000 assay (Agilent
Technologies). Sample preparation was described previously (52). For each sample, 100 ng of total RNA
was reverse transcribed into cDNA with a T7 promoter, and the cDNA was in vitro transcribed into cRNA
in the presence of Cy3-CTP using a low-input Quick Amp kit (Agilent). Labeled samples were purified
using RNeasy mini-spin columns (Qiagen). Then, 600 ng of cRNA was preblocked and fragmented in
Agilent fragmentation buffer and mixed with Agilent GEx hybridization mix. The hybridization mixture
was laid onto each sector of a subarray gasket slide and sandwiched against an 8 by 65,000 format
oligonucleotide microarray (Human v1 Sureprint G3 Human GE 8	60K microarray; Agilent design
028004) inside a hybridization chamber, which was hybridized overnight at 65°C. Subsequently, the array
chambers were disassembled, submerged in Agilent Gene Expression Buffer 1, and washed for 1 min in
another dish with the same solution using a magnetic stirrer at 200 rpm at room temperature, followed
by 1 min in Agilent Gene Expression Buffer 2 with a magnetic stirrer at 200 rpm at 37°C, immediate
withdrawal from the solution, and air drying. The fluorescent signal was captured as TIF images with an
Agilent scanner using the recommended settings with Scan Control software (Agilent). The signal
intensities were extracted into a tabulated text file using Feature Extraction software (Agilent) with the
appropriate array configuration and annotation files. The normalized log2 intensities were obtained by
the quantile method with normalized expression background correction using the Bioconductor Limma
package in R.

Abner et al. Journal of Virology

May 2018 Volume 92 Issue 10 e02056-17 jvi.asm.org 

184

http://jvi.asm.org


Microarray analysis. Genes were sorted and organized for further analysis based on the normalized
log2 intensities obtained. Transcripts with a false-discovery rate (q value) of �0.05 were considered
significantly differentially expressed, and transcripts represented in multiples in several probes had their
fold changes calculated to a mean value. The differentially expressed genes were then analyzed utilizing
the g:Profiler toolkit (https://biit.cs.ut.ee/gprofiler/), GSEA software (http://software.broadinstitute.org/
gsea/index.jsp), and R. Scatterplots and Pearson’s correlation coefficients were produced using in-house
R scripts.

RNA extraction, reverse transcription, and real-time PCR. Total RNA was extracted using a TRIzol
kit (Ambion). cDNA was generated from 50 to 100 ng of RNA using a Superscript Vilo cDNA synthesis kit
(Invitrogen). Gene products were analyzed by qPCR using SYBR green master mix (Invitrogen) and
specific oligonucleotides in a Roche Applied Science 480 light cycler machine on 96-well plates. The
primers used for qPCR are listed in Table S6 in the supplemental material.

Protein extraction, gel electrophoresis, and immunoblotting. Cells were washed once with PBS,
and proteins were extracted in the lysis buffers indicated in the figure legends. Radioimmunopre-
cipitation assay (RIPA) lysis buffer was supplemented with 1	 protease inhibitor cocktail (Roche), 1
mM Na3VO4, 5 mM NaF, 1 �g/ml leupeptin, 0.5 �g/ml pepstatin, 0.5 �g/ml aprotinin, 20 mM
�-glycerophosphate, and 1 mM phenylmethylsulfonyl fluoride (PMSF) to block product degradation.
The protein concentration was determined by bicinchoninic acid (BCA) assay (Pierce), and 10 to 30
�g of protein was boiled in Laemmli buffer and electrophoresed in 7.5 to 15% SDS-polyacrylamide
gels. The separated proteins were transferred to nitrocellulose or polyvinylidene difluoride (PVDF)
membranes (constant 400 mA; 4°C) for 1.5 h. Blots were blocked in Tris-buffered saline (TBS) solution
containing 0.1% Tween 20 (TBST) and either 5% nonfat dry milk, 3% bovine serum albumin, or 1:1
Odyssey blocking buffer for 1 h and incubated with primary antibodies at room temperature for 1
h or overnight at 4°C, followed by 3 10-min washes with TBST, and incubated with secondary
antibodies for 1 h at room temperature. Following 3 washes of the secondary antibodies, the
immunodetection of specific proteins was carried out with primary antibodies using the Odyssey
infrared imaging system (Li-Cor).

Flow cytometry. GFP fluorescence was measured in a Cytomics FC500 MPL flow cytometer or a
CytoFlex system (Beckman Coulter). A two-parameter analysis was used to distinguish viable cells
(identified by forward and side scatter) containing GFP-derived fluorescence (525 nm) from the
background. Fluorescence was represented in a logarithmic scale, and on average, �10,000 events
were observed per sample. Optical calibration was carried out using 10-nm fluorescent beads
(Flow-Check fluorospheres; Beckman Coulter). Cell sorting was carried out with a FACS Aria cell
sorter (BD Biosciences).

Bliss independence model. Lack of synergy between JQ1 and MMQO was calculated according to
the Bliss independence model as described previously (16). The data are presented as the difference
between the observed and predicted fractional responses relative to a 24-hour PMA (10 nM) treatment.
The Bliss independence model assumes that two different drugs act through separate molecular
mechanisms and therefore in an additive manner.

Sample preparation for NMR. The first bromodomain (BD1) of human BRD4 (residues 53 to 169) in
the pNIC28 vector was expressed and purified using a procedure described previously (53). Briefly, the
His-tagged BRD4 BD1 domain was overexpressed in Escherichia coli pRIL plasmid BL21-CodonPlus cells
and induced with 0.3 mM isopropyl-�-D-thiogalactopyranoside at 18°C. His-tagged BRD4 BD1 was
purified by HiTrap immobilized-metal affinity chromatography (IMAC) (GE Healthcare). After removing
the His tag with thrombin or tobacco etch virus (TEV) protease treatment, protein samples were further
purified on a Superdex 75 or Superdex 200 column (GE Healthcare). Uniformly 15N- or 15N/13C-labeled
proteins were prepared as unlabeled protein by growing the bacteria in M9 minimal medium containing
15NH4Cl with or without [13C]glucose.

Nuclear magnetic resonance spectroscopy. The BRD4 BD1 domain-MMQO compound complex
was used for structure determination. NMR samples of the BD1 domain (0.5 mM) in complex with 1.5 mM
MMQO compound were prepared in phosphate-buffered saline (PBS) (pH 7.4) in H2O-D2O (9/1) or D2O.
All NMR spectra were acquired at 25°C on Bruker 500-, 700-, 800-, and 900-MHz spectrometers equipped
with z-axis gradient triple-resonance cryoprobes. The backbone 1H, 13C, and 15N resonances were
assigned using standard three-dimensional triple-resonance HNCA, HN(CO)CA, HN(CA)CB, and HN
(COCA)CB experiments (54). The side chain atoms were assigned from three-dimensional HCCH-total
correlation spectroscopy (TOCSY), HCCH-correlation spectroscopy (COSY), and (H)C(CO)NH-TOCSY data
(55). The NOE-derived distance restraints were obtained from 15N- or 13C-edited three-dimensional
nuclear Overhauser effect spectroscopy (NOESY) spectra. The MMQO was assigned from a one-
dimensional 1H spectrum and two-dimensional TOCSY and NOESY and 13C/15N-filtered TOCSY and
NOESY spectra. The intermolecular NOEs used in defining the structure of the complex were detected in
13C-edited (F1), 13C/15N-filtered (F3) three-dimensional NOESY spectra (unlabeled MMQO compound
bound to 13C/15N-labeled BD1 protein) (56). Spectra were processed with NMR Pipe and analyzed using
NMR View (57, 58).

Structure calculations. The structures of the BRD4 BD1 domain/MMQO were calculated with a
distance geometry simulated annealing protocol with CNS (59). Initial protein structure calculations
were performed with manually assigned NOE-derived distance constraints. Hydrogen bond distance
and � and � dihedral-angle restraints from the TALOS-N prediction were added at a later stage of
structure calculations for residues with characteristic NOE patterns (60, 61). The converged struc-
tures were used for the iterative automated NOE assignment by ARIA refinement. Structure quality
was assessed by CNS, ARIA, and PROCHECK analysis (61, 62). A total of 30 intermolecular NOE-
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derived distance restraints were added in the structure determination of the BRD4 BD1-MMQO 
complex. A family of 200 structures was generated, and the 20 structures with the lowest energies 
were selected for the final analysis.

Isothermal titration calorimetry. Experiments were carried out on a MicroCal auto-ITC200 instru-
ment at 25°C while stirring at 750 rpm in PBS buffer (pH 7.4). The MMQO sample (0.04 mM) in the PBS 
buffer was placed in the cell, whereas the microsyringe was loaded with the protein sample (0.5 mM). The 
titrations were conducted using 20 successive injections of 2.0 �l (the first at 1.0 �l and the remaining 
19 at 2.0 �l) with a duration of 4 s per injection and 150 s between injections. The collected data were 
processed using the Origin 7.0 software program (Origin Lab) supplied with the instrument according to 
the “one set of sites” fitting model.

B-HIVE. Native Jurkat cells were infected at a multiplicity of infection (MOI) of 0.1 with a barcoded 
library of GFP-expressing minigenomes described previously (19). Four days later, 10,000 GFP-positive 
cells were sorted by FACS and left to expand for 19 days. At that time, a sample of the cell pool was 
collected, the DNA was extracted, and barcodes were mapped by inverse PCR as described previously 
(19). The GFP-negative cells were thereafter isolated and cultured for 2 weeks. Subsequently, the cells 
were grown to 70% confluence, separated into 10 pools, and treated in duplicate with MMQO (160 �M), 
JQ1 (1 �M), prostratin (10 �M), SAHA (5 �M), or an equivalent volume of DMSO (1 �l/ml). For each 
sample, two independent reverse transcription reactions were performed, each on 10 �l purified mRNA, 
to which was added 1 �l 20 �M reverse primer (TTTCGCTTTTAATACGACTCACTAT) and 1 �l 10 mM  
deoxynucleoside triphosphates (dNTPs) (Thermo Fisher Scientific; R0181). The RNA was denatured at 
95°C for 1 min and incubated on ice Then, 8 �l master mix containing 4 �l 5 	 cDNA synthesis buffer, 
1 �l 0.1 M dithiothreitol (DTT), 1 �l 40-U/�l RNase Out, 1 �l diethyl pyrocarbonate (DEPC)-treated water, 
and 1 �l 15-U/�l Thermo Script (reagents included in the ThermoScript RT-PCR system; Invitrogen; 
11145-024) was added to the denatured RNA, and the mixture was incubated at 65°C for 1 h. The reaction 
mixture was heat inactivated at 85°C for 5 min, and 5 �l RT product was used as the template in 50 �l 
standard Phusion polymerase reaction mix (Thermo Fisher Scientific; F530S) in GC buffer with 1 �M 
primers (AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT and CAAGCAG 
AAGACGGCATACGAGAT-index-TTTTAATACGACTCACTATA, where “index” is a 4-nucleotide sequence 
that identifies the experiment). The cycling conditions were as follows: 98°C for 1 min; 98°C for 20 s, 60°C 
for 30 s, and 72°C for 1 min (27 cycles); 72°C for 5 min. The samples were sequenced as 50-bp single reads 
on a HiSeq 2000 sequencer (lllumina) using v3 sequencing chemistry.

HIV barcodes were extracted from paired-end reads through an inexact search of the T7 promoter 
sequence (TATAGTGAGTCGTA) allowing up to 3 errors (mismatches, insertions, and deletions) using Seeq 
v1.1.2 (http://github.com/ezorita/seeq). The barcodes were clustered with Starcode v1.0 (63), allowing one 
mismatch and using the “message passing” clustering algorithm. We considered only barcodes that had 
more than 1 read under at least 17 of the 20 replicate conditions. We then computed the pairwise Pearson 
coefficient of correlation, r, between the replicate conditions and used 1	 r as a dissimilarity metric 
between them. Clustering and dendrogram representations were performed with the hclust() function of R 
with default parameters.

The total number of reads per sample is fixed at pooling time, so the measurements indicate the 
relative expression of the provirus within a given treatment, but they cannot be compared between 
treatments. To that end, the number of reads was divided by the total amount of GFP fluorescence, 
defined as the percentage of GFP-positive cells multiplied by the average fluorescence of the GFP-
positive cells. This score is a proxy for the total production of virus mRNA, establishing a baseline to 
compare the expression of a provirus across treatments.

Accession number(s). The solution structure of the BRD4 BD1-MMQO complex and the NMR spectral 
data are available in Protein Data Bank (PDB) under PDB code 5Z9C and BioMagResBank (BMRB) code 
36163 (http://www.bmrb.wisc.edu/search/instant.php?term�36163), respectively.
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SUPPLEMENTARY MATERIAL 

Supplementary Figure Legends 
Supplementary Figure S1. Mechanistic similarity between MMQO and JQ1 on 
gene expression. (A) Number of genes found up or down-regulated (q<0.05) in 
common in the microarray data sets depicted in Figure 4A (MMQO or TSA, 3h) and 
Figure 5A (MMQO 8h or JQ1 24h). (B) Fold-changes of genes significantly (q<0.05) 
up-regulated by MMQO and JQ1 but down-regulated by TSA (left column), or vice-
versa (right column). 
Supplementary Figure S2. Distribution of the top responder proviruses to 
bromodomain inhibitors. Venn diagram showing proviruses that respond to MMQO 
and JQ1 in the B-HIVE analysis. Top 15% or 50% responders are shown. The genomic 
categories of provirus integrations for the common integrants are indicated (AG, active 
genes; EN, enhancers; IN, intergenic). AGs that contain those integrations are listed on 
the side. 
Supplementary Figure S3. BRD4 localization within genes containing proviruses 
induced by BETi. (A) Snapshots from the human genome browser visualized with 
Integrative Genomics Viewer (IGV 2.3) (64, 65), showing genes (yellow-shadowed) 
where HIV integrations that respond to BETi have been found in B-HIVE (among the 
top 15% responders). The location of the provirus identified is shown (green square), as 
well as ChIP-Seq tracks of BRD4 and RNA polymerase II (RPII) obtained in Jurkat 
cells treated or not with JQ1 (500 nM) for 4 hours (GEO accession number GSE83777). 
Genes dysregulated by MMQO in our microarray analysis show the fold-change with 
MMQO compared to untreated. Notice that RPII is enriched or depleted upon JQ1 
treatment at TSS of genes up or downregulated by MMQO, respectively. (B) Proviral 
integration responsive to BETi at a putative enhancer in close proximity to BRD4. 
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Supplementary	  Figure	  S1_Abner	  et	  al.	  

A	  

B	  

MMQO	  3h	   MMQO	  8h	   JQ1	  24h	   TSA	  3h	  
number	  of	  
genes	  

up	   up	   up	   up	   403	  
up	   up	   up	   down	   55	  
up	   up	   down	   up	   3	  
up	   up	   down	   down	   0	  

down	   down	   down	   down	   458	  
down	   down	   down	   up	   32	  
down	   down	   up	   down	   17	  
down	   down	   up	   up	   3	  
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Supplementary	  Figure	  S2_Abner	  et	  al.	  
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192



Supplementary	  Figure	  S3_Abner	  et	  al.	  
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B	  

Supplementary	  Figure	  S3_Abner	  et	  al.	  
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Supplementary	  Table	  S1_Abner	  et	  al.	  

Gene Fold Change NF-κB function 
GADD45A	   1,839	   Downregulates	  	  
ETS1	   -‐1,373	   Upregulates	  	  
TRAF3	   -‐1,395	   Upregulates	  	  
CASP4	   -‐1,492	   Upregulates	  	  
ERAP2	   -‐1,554	   Upregulates	  	  
CBR3	   -‐1,743	   Upregulates	  	  
C1R	   -‐2,404	   Upregulates	  	  
SELPLG	   -‐4,263	   Upregulates	  	  
CCR7	   -‐1,553	   Upregulates	  	  
CD86	   -‐1,579	   Upregulates	  	  
CD83	   -‐2,475	   Upregulates	  	  
BCL2	   -‐1,457	   Upregulates	  	  
FAS	   -‐1,455	   Upregulates	  	  
NFKB1	   -‐1,951	   Upregulates	  	  
CFLAR	   -‐1,932	   Upregulates	  	  
TAP2	   -‐1,409	   Upregulates	  	  
IL32	   -‐1,434	   Upregulates	  	  
CCND2	   -‐2,028	   Upregulates	  	  
ITGAL	   -‐2,213	   Upregulates	  	  
LTB	   -‐3,363	   Upregulates	  	  
MYC	   -‐6,279	   Upregulates	  	  
IRF1	   -‐1,452	   Upregulates	  	  
IL23A	   -‐1,734	   Upregulates	  	  
KIT	   -‐1,815	   Upregulates	  	  
IL7R	   -‐2,603	   Upregulates	  	  
TNFSF4	   -‐2,595	   Upregulates	  	  
IKBKE	   -‐1,618	   Upregulates	  	  
TERT	   -‐2,609	   Upregulates	  	  
CXCR3	   -‐9,351	   Upregulates	  	  
SENP1	   -‐1,347	   Upregulates	  	  
STAT5A	   -‐3,478	   Upregulates	  	  
IL15	   -‐1,796	   Upregulates	  	  
TNFSF10	   -‐2,484	   Upregulates	  	  
ICOS	   -‐1,461	   Downregulates	  	  
CFTR	   -‐2,083	   Downregulates	  	  

Supplementary	   Table	   S1.	   NF-‐kB	   target	   genes	   are	   oppositely	   dysregulated	   by	  
MMQO.	   Displayed	   is	   the	   fold	   change	   of	  MMQO	   (80μM,	   4-‐hour)	   treatment	   from	  
microarrays.	  32	  of	  the	  genes	  listed	  are	  canonically	  known	  to	  be	  upregulated	  by	  NF-‐
kB,	  while	  3	  genes	  are	  known	  to	  be	  downregulated.	  	  
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Supplementary	  Table	  S2_Abner	  et	  al.	  

NAME TERM ID p-Value Q&T/Q Q&T/T 
cell	  acbvabon	   GO:0001775	   <0,0001	   0,166	   0,045	  
anbgen	  processing	  and	  presentabon,	  exogenous	  lipid	  anbgen	  via	  MHC	  class	  Ib	   GO:0048007	   0,003	   0,016	   0,571	  
mast	  cell	  acbvabon	   GO:0045576	   0,017	   0,028	   0,130	  
Immunoregulatory	  interacbons	  between	  a	  Lymphoid	  and	  a	  non-‐Lymphoid	  cell	   REAC:198933	   0,020	   0,078	   0,065	  
cytokine	  producbon	   GO:0001816	   0,020	   0,091	   0,037	  
Cell	  surface	  interacbons	  at	  the	  vascular	  wall	   REAC:202733	   0,027	   0,062	   0,079	  
regulabon	  of	  alpha-‐beta	  T	  cell	  proliferabon	   GO:0046640	   0,027	   0,020	   0,217	  
immunoglobulin	  producbon	   GO:0002377	   0,035	   0,032	   0,096	  
Immune	  System	   REAC:168256	   0,041	   0,305	   0,025	  

Supplementary	  Table	  S2.	  Gene	  Ontology	  (GO)	  and	  Reactome	  (REAC)	  of	  genes	  downregulated	  
by	  MMQO.	  Q	  =	  number	  of	  query	  genes.	  T	  =	  number	  of	  term	  genes.	  Q&T/Q	  denotes	  %	  of	  MMQO	  
downregulated	   genes	   that	   belong	   to	   each	   parbcular	   gene	   set	   (FC<-‐2).	   Q&T/T	   denotes	   %	   of	  
MMQO	  regulated	  genes	  that	  overlap	  with	  the	  full	  dataset.	  Data	  obtained	  with	  g:Profiler	  toolkit	  
analysis.	  	  
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Supplementary	  Table	  S3_Abner	  et	  al.	  

NAME n NES FDR q-val 
MYC_UP.V1_UP	   171	   -‐2,63	   <	  0.0001	  
SCHLOSSER_MYC_TARGETS_AND_SERUM_RESPONSE_DN	   46	   -‐2,58	   <	  0.0001	  
SCHLOSSER_MYC_TARGETS_AND_SERUM_RESPONSE_UP	   46	   -‐2,53	   <	  0.0001	  
TONKS_TARGETS_OF_RUNX1_RUNX1T1_FUSION_HSC_DN	   182	   -‐2,49	   <	  0.0001	  
SCHUHMACHER_MYC_TARGETS_UP	   79	   -‐2,45	   <	  0.0001	  
HELLER_HDAC_TARGETS_DN	   286	   -‐2,43	   <	  0.0001	  
KIM_MYC_AMPLIFICATION_TARGETS_UP	   197	   -‐2,30	   0,0002	  
HELLER_HDAC_TARGETS_SILENCED_BY_METHYLATION_DN	   274	   -‐2,27	   0,0081	  
BILD_MYC_ONCOGENIC_SIGNATURE	   195	   -‐2,23	   0,0012	  
KLEIN_PRIMARY_EFFUSION_LYMPHOMA_DN	   57	   -‐2,22	   0,0013	  
	  	   	  	   	  	   	  	  
NAME n NES FDR q-val 
V$MYCMAX_01	   250	   -‐1,99	   0,0029	  
V$MYCMAX_02	   258	   -‐1,72	   0,0202	  
V$ETS_Q4	   242	   -‐1,34	   0,1872	  
V$AP1_04	   266	   -‐1,41	   0,1879	  
V$STAT5B_01	   238	   -‐1,35	   0,1923	  
V$STAT5A_01	   243	   -‐1,33	   0,1946	  
V$IRF7_01	   243	   -‐1,21	   0,2501	  
V$NFKB_Q6	   251	   -‐1,06	   0,4095	  

Supplementary	   Table	   S3.	   Gene	   set	   enrichment	   analysis	   (GSEA)	   of	   MMQO	   responsive	  
transcriptome.	  Jurkat	  cells	  treated	  or	  not	  with	  MMQO	  for	  8	  hours	  were	  analyzed	  by	  expression	  
microarrays.	  (Top)	  Gene	  sets	  enriched	  among	  genes	  downregulated	  by	  MMQO,	  highlighbng	  the	  
number	  of	  genes	   in	  each	  set	   (n),	   the	  normalized	  enrichment	  score	   (NES)	  and	   test	  of	   stabsbcal	  
significance	   (FDR	   q-‐value).	   Gene	   sets	   related	   to	   the	   c-‐Myc	   are	   highlighted	   in	   bold.	   (Booom)	  
Comparisons	  of	  top-‐ranking	  transcripbon	  factor	  target	  gene	  sets	  of	  known	  proteins	  needed	  for	  
HIV-‐reacbvabon,	  enriched	  among	  the	  genes	  downregulated	  by	  MMQO.	  	  
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Supplementary	  Table	  S4_Abner	  et	  al.	  

NAME n NES FDR q-val 
PEART_HDAC_PROLIFERATION_CLUSTER_UP	   56	   2,45	   <	  0.0001	  
HELLER_HDAC_TARGETS_UP	   299	   2,24	   <	  0.0001	  
HELLER_HDAC_TARGETS_SILENCED_BY_METHYLATION_UP	   446	   2,09	   0,003	  
N_ACETYLTRANSFERASE_ACTIVITY	   21	   1,94	   0,013	  
ZHONG_RESPONSE_TO_AZACITIDINE_AND_TSA_UP	   177	   1,92	   0,013	  
ACETYLTRANSFERASE_ACTIVITY	   25	   1,87	   0,016	  
PID_HDAC_CLASSIII_PATHWAY	   25	   1,77	   0,0324	  
HISTONE_ACETYLTRANSFERASE_ACTIVITY	   16	   1,73	   0,0435	  
N_ACYLTRANSFERASE_ACTIVITY	   24	   1,71	   0,0476	  
PEART_HDAC_PROLIFERATION_CLUSTER_DN	   75	   -‐2,07	   0,0078	  
HELLER_HDAC_TARGETS_SILENCED_BY_METHYLATION_DN	   274	   -‐2,27	   0,0081	  
HELLER_HDAC_TARGETS_DN	   286	   -‐2,43	   0,0000	  

Supplementary	  Table	  S4.	  Selected	  gene	  sets	  related	  to	  histone	  acetyla_on	  pathways	  among	  
genes	   regulated	   by	  MMQO.	   In	   total	   283	   gene	   sets	   correlated	   either	   posibvely	   or	   negabvely	  
with	  MMQO	  treatment.	  Gene	  sets	  are	  ordered	  according	  to	  the	  enrichment	  score.	  n	  =	  number	  
of	  genes	  in	  each	  set;	  NES	  =	  normalized	  enrichment	  score;	  FDR	  q-‐value	  <0.05.	  
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Supplementary	  Table	  S5_Abner	  et	  al.	  

Supplementary Table S5. Summary of restraints and statistics of BRD4 BD1domain in complex with 
MMQO compound. 
         MMQO      
Protein NMR distance and dihedral constraints                                                                                                                                                           
   Distance constraints 
   Total NOE       2703        
   Intra-residue       1136        
   Inter-residue       1567        
   Sequential (|i - j| = 1)     496       
  
   Medium-range (1 < |i – j| ! 5)    537       
   Long-range (|i - j| > 5)     534       
  
   Inter-molecular constraints     29       
  
   Hydrogen bonds      52       
  
Total dihedral angle restraints 
   Phi angle       109       
  
   Psi angle       109       
  
Ramachandran Map Analysis (%) 
   Most favored resions     97.5       
  
   Additional allowed regions     2.5       
  
   Generally allowed regions     0.0        
   Disallowed regions      0.0        
Structure statistics 
   Violations (mean +/- s.d.) 
   Distance constraints (Å)         0.062  +/- 0.0013    
   Dihedral angle constraints (º)    0.53  +/- 0.057     
   Max. dihedral angle violation (º)       0.65      
   Max. distance constraint violation (Å)   0.066       
Deviations from idealized geometry 
    Bond lengths (Å)         0.0071 +/- 0.0001    
    Bond angles (º)      0.79 +/- 0.0068      
    Impropers (º)      1.9 +/- 0.041      
Average pairwise r.m.s. Deviation ** (Å)     
    Heavy            0.50 +/- 0.069      
    Backbone         0.16 +/- 0.045       

a: Procheck calculation was done for protein residues 60-68, 70-84, 88-92, 106-116, 121-139 and 140-165. 
b: The residue number ranges used in full molecule pairwise root-mean-square (r.m.s.) deviation calculations 
consists of 60-163 
c: Pairwise r.m.s. deviation was calculated among top 20/200 lowest energy structures. 
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Supplementary	  Table	  S6_Abner	  et	  al.	  

Supplementary	  Table	  S6.	  Primer	  sequences	  used	  for	  qPCR.	  
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Summary 

A leading pharmacological strategy towards HIV cure requires “shock” or activation of expression of the HIV 

genome in latently infected cells with Latency Reversal Agents (LRAs) followed by their subsequent clearance. 

As a source of bio-active molecules we used fungal secondary metabolites (extrolites) in a screen for novel 

LRAs. We used orthogonal mass spectrometry (MS) coupled to latency reversal bioassays, and identified 

gliotoxin (GTX) to potently reverse latency. GTX significantly induced  HIV-1 gene expression in latent ex 

vivo infected primary cells and in CD4+ T cells from all aviremic HIV-1+ participants. RNA sequencing 

identified 7SK RNA to be most significantly downregulated in independent donors upon GTX treatment of 

CD4+ T cells. GTX disrupted the 7SK snRNP complex causing release of P-TEFb, which induced 

phosphorylation of RNA Pol II CTD, and increased HIV transcription. Our data highlight the power of 

combining low throughput bioassays, mycology and orthogonal mass spectrometry as an approach to screen 

for and characterize novel LRAs.  
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Introduction 

Combination anti-retroviral therapy (cART) causes a drastic and immediate viral decrease by targeting distinct 

steps in the HIV-1 life cycle effectively blocking replication and halting disease progression (Ho et al., 1995; 

Perelson et al., 1997; Wei et al., 1995). Unfortunately, one third of the estimated 37 million people living with 

HIV have no access to the costly therapy (Avert, 2017; Gupta et al., 2016; UNAIDS, 2017). Additionally, 

cART does not target or eliminate HIV that persists in a latent state in cellular reservoirs (Siliciano and 

Siliciano, 2015). Because some of the proviruses are replication competent, latent HIV infected cells inevitably 

rebound once c-ART is interrupted, leading to necessity for life-long therapy (Siliciano and Siliciano, 2015). 

Particularly in resource-limited countries, which are also disproportionally affected, this is translated into an 

insurmountable medical, social and financial burden. To achieve a scalable cure for HIV infection, it will be 

necessary to reduce or eliminate the latent HIV infected reservoir of cells and/or equip the immune system 

with the robustness and effectiveness necessary to prevent viral rebound such that c-ART can be safely 

discontinued.  

An important breakthrough in HIV-1 cure was the unequivocal proof that it is possible to mobilize the 

latent patient HIV reservoir by treatment with agents that activate HIV gene expression (LRAs) (Archin et al., 

2012). However, clinical studies thus far have shown little to no reduction in the latent reservoir in patients. 

This indicates a limited potency and specificity of currently tested drugs, which appear to be unable to reach a 

significant proportion of latently infected cells, or to induce HIV-1 expression in latent reservoir at sufficient 

levels to produce viral proteins for recognition by the immune system (Kim et al., 2018; Leth et al., 2016). 

Furthermore, transcriptional stochasticity and heterogeneity of latent HIV integrations (Battivelli et al., 2018) 

may pose an additional barrier to complete reactivation of the latent reservoir as a whole; sequential rounds of 

stimulation yielded new infectious particles (Ho et al., 2013b), while certain LRA combinations produced more 

efficient latency reversal when administered in intervals rather than at once (Bouchat et al., 2016a). In addition, 

pleiotropic functional and toxic effects of LRAs may compromise the ability of CD8+ T cells to eliminate HIV 

protein expressing cells (Zhao et al., 2019a). Therefore, it is critical to identify and develop novel therapeutics, 

which strongly induce HIV-1 gene expression to effectively disrupt HIV latency without dampening the 

immune response.  

The pharmaceutical industry is highly equipped for high throughput screens using defined synthetic 

libraries. While this is an effective approach, it is important to record that approximately 42% of the novel 

small molecules introduced to the market between 1981 and 2014 are natural or nature-derived (Newman and 

Cragg, 2016). Biological systems represent an invaluable source of functional molecules with high chemical 

diversity and biochemical specificity, evolved during millions of years of adaptation (Cary et al., 2016; Richard 

et al., 2018; Vo and Kim, 2010; Wang et al., 2017; Yasuhara-Bell et al., 2010). In particular, fungi represent a 

largely unexplored source of compounds with potential therapeutic use. Fungi secrete a gamut of extracellular 
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compounds and other small-molecular extrolites  (Sanchez et al., 2012). While some of these compounds have 

been shown to have antibiotic (ex. penicillin) or carcinogenic (ex. aflatoxin) properties, little is known in 

general about their biological activities and possible molecular targets. In addition, a single fungal strain often 

produces a wide array of secondary metabolites which are not essential for its growth but are exuded as a 

consequence of specific environment such as nutrient-rich versus minimal growth conditions (Brakhage, 2013; 

Přichystal et al., 2016). Fungal extrolites might target various signaling pathways in mammalian cells, such as 

those influencing HIV-1 gene expression. Fungal supernatants are an ideal source for an expert academic 

setting where low and medium throughput biological screening systems, academic knowledge of evolutionary 

mycology, and state-of-the-art fractionation and purification techniques are routinely combined.  

Studies of  regulation of HIV-1 gene expression have identified distinct and diverse molecular 

mechanisms and cellular pathways at play, which can be targeted pharmacologically to activate expression of 

latent HIV (De Crignis and Mahmoudi, 2016; Mahmoudi, 2012; Ne et al., 2018). The rich diversity of fungal 

extrolites therefore, may prove an untapped source of new compounds that target HIV reactivation. The present 

paper introduces such novel, highly effective LRA of fungal origin. 

Results 

Aspergillus fumigatus extrolites reverse latency. 

We screened 115 species of filamentous fungi for their ability to induce HIV-1 proviral expression; of species 

that appeared promising, 2-4 additional strains were tested (Table S1). Species belonged to 28 orders (43 

families) of the fungal Kingdom (Figs 1A, S1A) and were chosen based on their evolutionary position, 

ecological trends, and known active production of extracellular compounds. The majority of fungi were of 

ascomycetous affinity, 4 species were of basidiomycetous affinity and two belonged to the lower fungi. Culture 

supernatants were screened for latency reversal activity using a Jurkat derived 11.1 and A2 cell lines model of 

HIV-1 latency (J-Lats) in a low-medium through-put assay set up, in which expression of GFP is controlled by 

the HIV-1 promoter and indicates latency reversal. We identified the supernatant of Aspergillus fumigatus CBS 

542.75 to strongly activate the latent HIV-1 5’LTR (Fig. 1B). We also compared other Aspergillus species 

growth supernatants for the potential to induce HIV-1 expression (Fig. 1C) and observed that only strains of 

A. fumigatus (CBS 542.75, CBS 113.26 and CBS 100074) possessed latency reversal activity (Fig. 1C).

Aspergillus fumigatus secondary metabolite gliotoxin reverses HIV-1 latency. 

Due to the chemical complexity of the positive fungal supernatants, direct mass spectrometry (MS) analysis of 

their constituents proved to be impossible. Therefore, A. fumigatus CBS 100074 growth supernatant was 

fractionated several times by means of orthogonal MS (Fig. 2A). We selected this particular supernatant as it 

showed the highest potency to reverse latency in the J-Lat A2 model. After each round of fractionation, all 

samples/fractions were again tested in latency reversal bioassays, followed by quantitation of the GFP 
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expression and identification of fractions retaining latency reversal activity. As expected, originally less active 

fractions became more active during the fractionation/enrichment process (Fig. 2B). The most active 7B/7C 

fractions were further fractioned on HLB cartridge (11-samples) and components of 7B/7C and 11C fractions 

de-replicated by Cyclobranch software (Fig. 2B and S2B) (Novák et al., 2017). Compound matching against 

the annotated database of Aspergillus secondary metabolites revealed a set of candidate compounds further 

selected for latency reversal testing (Fig. S2A and Table S2). Among candidate molecules identified, Gliotoxin 

(GTX) was able to induce expression of the latent pro-virus in a concentration dependent manner (Fig. 2C). Of 

note, GTX was found in all positive fractions (Table S2). Interestingly, while GTX isolated from supernatant 

of CBS 100074 showed strong induction of HIV-1 transcription, supernatant of Aspergillus flavus (CBS 

625.66), a close relative of A. fumigatus which was inactive in latency reversal (Fig 1C), did not contain GTX 

(Fig. S2C and S2D), providing further support that GTX is the main mediator of LRA activity in A. fumigatus 

supernatants. 

Gliotoxin reverses latency in ex vivo infected primary CD4+ T cells without side effects. 

To examine the latency reversal potential of GTX in a more clinically relevant system, we employed a modified 

primary ex vivo infected latency model (Fig. S3A) (Lassen et al., 2012). Treatment of latently infected CD4+ 

T cells with GTX resulted in significant, concentration-dependent latency reversal at lower concentrations than 

necessary to achieve re-activation in latently infected cell-lines. Interestingly, GTX [20 nM] treatment resulted 

in an over 10% latency reversal of that observed upon maximal stimulation with PMA/Ionomycin, which 

translated into over 20-fold induction of HIV-1 expression (Figs 3A, S3B). At high concentrations GTX is 

known to be toxic to immune cells (Stanzani et al., 2005; Suen et al., 2001; Yamada et al., 2000), ascribed to 

its unusual disulfide bridge, responsible for pleiotropic effects on cellular and viral systems (Scharf et al., 

2016). However, at lower concentrations in which strong latency reversal is induced, GTX did not show 

toxicity on CD4+ T cells (Fig. 3C). CD8+ T cells play a central role in eliminating HIV-infected cells 

(Trautmann, 2016). Therefore, it is of utmost importance to evaluate potential toxicity of newly developed 

drugs have on CD8+ T cells. Importantly, GTX at a low concentration of 20 nM did not reduce the viability of 

CD8+ T cells whether unstimulated or anti-CD3/anti-CD28-stimulated PBMCS were examined (Fig. 3E, S4B). 

Consistent with the literature (Hur et al., 2008; Nouri et al., 2015; Orciuolo et al., 2007; Stanzani et al., 2005; 

Suen et al., 2001; Sutton et al., 1995; Wichmann et al., 2002; Yamada et al., 2000; Zhou et al., 2000), treatment 

with higher concentrations of GTX at 100 nM and 1 µM caused apoptosis and death of primary CD4+ and 

CD8+ T cells as well as B cells, NK cells and monocytes (Fig. 3C, 3E, S4B, S5A). Potential for clinical 

applicability of a candidate LRA also requires that it does not induce global T-cell activation, nor should it 

interfere with CD8+ T cell activation. Treatment of unstimulated primary CD4+ T-cells and CD8+ T cells with 

GTX [20 nM], which significantly reversed latency, did not induce expression of the T cell activation markers 

CD69 and CD25 (Fig. 3F, S5B and S5C), nor did it induce proliferation of resting CD4+ and CD8+ T cells 
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(Fig. 3D, 4E, 4F), while, as expected, PMA/Ionomycin treatment activated T cells (Fig. 3F).  Conversely, GTX 

treatment of activated PBMCs also did not inhibit CD25 expression (Fig. 4E and 4F) or proliferation (Fig. 3D, 

S5B and S5C) of activated CD4+ or CD8+ T cells.  

Gliotoxin synergizes with other known LRAs. 

To investigate possible synergies, we tested the latency reversal potential of GTX [20 nM] in combination with 

a panel of known LRAs in the J-Lat A2 and 11.1 models of latency as well as in ex vivo infected primary CD4+ 

T cells (Fig. 4A, 4B, S3A and S4A). GTX co-treatment enhanced the latency reversal activity observed after 

single treatments with all compounds (Fig. 4A, 4B and S4A). Interestingly, when latent CD4+ T cells were co-

treated with GTX [20 nM] and either the HDAC inhibitor SAHA or BAF inhibitor CAPE, synergistic reversal 

of HIV-1 latency was observed (Fig. 4A, 4B and S4A). Co-treatments with BET inhibitors JQ-1 and OTX-

015, as well as Prostratin resulted in an additive effect on HIV-1 pro-virus expression. Interestingly, in the 

primary CD4+ T cell model of HIV-1 latency, GTX treatment alone showed more potent latency reversal 

activity than SAHA, CAPE, OTX-015, JQ-1 or Romidepsin (RMD) alone at tested concentrations (Fig. 4B). 

RMD treatment showed modest latency reversal (Fig. 4B) and consistent with the literature significant CD4+ 

and CD8+ T cell cytotoxicity (Fig. 4C and 4D) (Zhao et al., 2019b). With the exception of RMD, we did not 

observe any negative impact of these co-treatments on viability and proliferation of CD4+ T cells (Fig. 4C and 

S5B), CD8+ T cells (Fig. 4D, 4F and S5C) and other immune sub-populations including CD19+ B cells, 

CD56+ NK cells and CD14+ monocytes (Fig. S5A). Moreover, none of the co-treatments altered the activation 

status of either resting or activated CD4+ and CD8+ T cells (Fig. 4E and 4F).  

The definition of synergism assumes that drugs targeting similar mechanisms cannot enhance each 

other synergistically, as targeting same pathways with different molecules would rather result in additive 

effects. Collectively, our observations of co-treatments with the use of different classes of LRAs indicate that 

GTX should not be considered an HDAC or BAF inhibitors. Indeed, we do not see an increase in acetylation 

of the histones upon 4-hour treatment with GTX (Fig. S7C). Similarly, we excluded that GTX behaves as a 

PKC agonist, as treatments with gliotoxin did not induce cell activation, and did not induce expression of the 

genes targeted by PKC pathway (Fig. 3F, 6C, S3C and S6). 

Gliotoxin reverses latency in cells of aviremic participants in vitro. 

Most importantly, we also examined the potential of GTX to reverse latency after ex vivo treatment of CD4+ 

T cells obtained from people living with HIV-1. All five participants enrolled were treated with c-ART and 

maintained HIV-1 viremia below 50 copies/ml for at least last two years. Despite differences in the size of the 

latent pool – assessed by maximal stimulation of the cells with α-CD3/CD28 beads or PMA/Ionomycin, GTX 

treatment significantly increased the levels of cell-associated HIV-1 pol RNA (CA-pol) in CD4+ T cells 

obtained from aviremic HIV-1+ participants (Fig. 5A and 5B). Notably, GTX effect is systematic as latency 
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reversal was uniformly observed in the cells of all tested participants after only 24 hours of stimulation (Fig. 

2B). Additionally, we observed no increase in expression of genes related to T cell specific responses, reactive 

oxygen species or apoptosis, a side effects reported previously (Fig. S6). These results therefore indicate that 

GTX treatment at non-toxic concentrations reverses latency without inducing immune cell toxicity,  activation 

and without affecting T cell proliferation (Fig. 5A, 5B, S3C and S6), making it a very promising candidate for 

further clinical investigation for HIV-1 latency reversal and inclusion in “shock and kill” strategies.  

Gliotoxin reverses latency through P-TEFb. 

To gain more insight into the mechanism by which GTX reverses latency, we performed RNA sequencing of 

primary CD4+ T cells isolated from healthy blood donors that were treated for 4 hours with 20 nM GTX. This 

short incubation time was chosen to focus on examination of primary effects of GTX on the global 

transcriptome, decreasing the presence of secondary transcriptional effects. We observed a very good 

correlation between treatments of two independent healthy blood donors (Fig. 6A top panel). Moreover, less 

than 700 genes showed an altered differential expression pattern (Fig. 6A bottom panel). Interestingly, small 

nuclear RNA 7SK was the most downregulated (more than 9-fold) transcript after GTX treatment in both 

donors CD4+ T cells. 7SK RNA serves as a scaffold for the 7SK snRNP complex that sequesters and inhibits 

activity of the positive elongation factor (P-TEFb) (Quaresma et al., 2016; Nguyen et al., 2001; Uchikawa et 

al., 2015; Yang et al., 2001; Yik et al., 2003). Among all components of the complex and its close interactors, 

only the 7SK transcript was affected by treatment with GTX (Fig. 6B). Concomitant with observation in 

aviremic participants, we did not observe any change in expression of NF-kB, oxidative stress, apoptosis and 

T-cell effector function related genes after treatment (Fig. 6C and S6), indicating that GTX [20 nM] does not

influence these pathways neither at 4 nor at 24 hours of stimulation. This data suggested that GTX treatment 

may lead to destabilization of the 7SK snRNP complex and the release of free P-TEFb, which would then 

become available for transcription elongation at the latent HIV-1 LTR, a critical step required for HIV-1 latency 

reversal (Jonkers and Lis, 2015; Yukl et al., 2018a). To test this, we performed glycerol gradient sedimentation 

experiments after treatment of resting CD4+ T cells with GTX (Fig. S8). Indeed, 20 nM GTX treatment of 

CD4+ T cells for 4 hours resulted in release of free P-TEFb, from its inhibitory higher molecular weight 7SK 

snRNP complex, as shown by western blotting for the P-TEFb component CDK9 (Fig. 6D and S7A). As 

expected, control treatment of CD4+ T cell lysates with RNase A resulted in disassembly of the 7SK snRNP 

complex and subsequent release of free P-TEFb, which eluted at lower molecular weight fractions (Fig. 6D 

and S7A). Phosphorylation of serine 2 residues within C-terminal domain (CTD) of RNA Polymerase II is a 

prerequisite for activation of transcription elongation and is mediated by kinase activity of CDK9, a component 

of P-TEFb  (Peterlin and Price, 2006). To examine whether GTX treatment resulted in Serine 2 RNA Pol II 

phosphorylation, we treated resting CD4+ T cells with GTX, the CDK9 inhibitor flavopiridol (FPD), and PMA 

as a positive control (Fig. 7B, S7C). As expected, FPD treatment abrogated RNA Pol II phosphorylation, while 
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PMA stimulation led to strong Ser2 RNA Pol II phosphorylation. Importantly, treatment with GTX caused an 

increase in phosphorylation of the CDK9 target, RNA Polymerase II Serine 2 in three independent donors 

tested, confirming that the enzymatic activity of CDK9 in context of P-TEFb remains unaffected after GTX –

mediated release from 7SK snRNP (Fig. 6D and S7A). Our data is consistent with a model in which GTX, 

disrupts the 7SK snRNP complex resulting in release of 7SK RNA and P-TEFb (Fig. 7A). In resting CD4+ T 

cells, 7SK RNA is then degraded, and free P-TEFb is recruited to the paused RNA Polymerase II at the latent 

HIV LTR by the Tat-TAR axis. CDK9 then phosphorylates CTD of RNA Polymerase II, leading to activation 

of proviral transcription elongation (Fig. 7A). 

LARP7 is a putative target of gliotoxin. 

To understand better which component of the 7SK snRNP complex may be targeted by GTX, we performed 

docking experiments in silico employing two independent software packages Chimera and Achilles. 

Unfortunately, complete crystal structure of 7SK snRNP is not yet available, therefore we modelled GTX 

against all essential components of the complex separately. Strikingly, we observed preferential binding of 

GTX into the hydrophobic pocket of LARP7, which in physiological conditions is responsible for binding stem 

loop 4 (SL4) of the 7SK RNA (Fig. S9). Interestingly, LARP7 is responsible for stabilization of the complex 

as knock down experiments show that LARP7 depletion leads to decreased levels of 7SK RNA with 

concomitant increase in free P-TEFb levels (Krueger et al., 2008). Moreover, LARP7 depletion also lead to 

increase in Tat-mediated transactivation of the HIV-1 LTR (Krueger et al., 2008). Similar effects were 

observed for other structural component of the complex, namely MEPCE, however to a lesser extent (Krueger 

et al., 2008). Similarly, Krueger et al., (2008) showed that 7SK RNA knock down resulted in release of free P-

TEFb. Based on published data and our results and this modelling exercises we hypothesize that GTX interferes 

with the binding of SL4 of 7SK RNA into hydrophobic pocket of LARP7, which results in destabilization of 

the complex with subsequent release of P-TEFb. However, further studies are necessary to confirm this 

preliminary modeling. 

Discussion 

So far none of the tested LRAs is able to induce strong expression of the provirus or to strongly deplete latent 

reservoir, which indicate limitations of single treatments. It has been shown that distinct classes of LRAs target 

different subpopulations of proviruses (Abner et al., 2018; Battivelli et al., 2018; Chen et al., 2017). 

Additionally, only a fraction of the latent, replication competent proviruses is being expressed as second round 

of stimulation of the aviremic participants cells with PHA still yielded infectious virions (Ho et al., 2013a). 

Therefore, it is being postulated that successful “shock and kill” strategies will consist of cocktails of LRAs, 

preferably tailored to unique latency make-up of persons living with HIV-1, so that HIV-1 latency could be 
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most effectively and specifically reversed (Abner and Jordan, 2019; Bouchat et al., 2016b; Darcis et al., 

2015; De Crignis and Mahmoudi, 2014; Hashemi et al., 2017; Laird et al., 2015; Stoszko et al., 2019; Röling 

et al., 2016; Rasmussen et al., 2015; Rasmussen and Lewin, 2016). We already identified a synergy between 

BAF inhibitors and HDAC inhibitors (Marian et al., 2018; Stoszko et al., 2016). Here, we report that 

GTX also synergizes with BAFis and with HDACis, therefore we postulate that even more robust latency 

reversal should be observed when these three classes of LRAs would be combined. Additionally 

experimental evidence points to the importance of targeting of transcription elongation as a rate limiting step 

in strong latency reversal (Yukl et al., 2018b). 

To our knowledge GTX is the first molecule described to cause direct disruption of the 7SK snRNP 

complex with subsequent release of the active P-TEFb. Given the significance of P-TEFb in HIV 

transcription elongation and the current lack of molecules able to mediate its release from the inhibitory 

7SK snRNP complex, GTX may be a promising candidate – not only in context of HIV-1 latency reversal, 

but also in other diseases in which P-TEFb may play a prominent regulatory role (eg. cardiac 

hypertrophy, mixed-lineage leukemia (Kohoutek, 2009)). Interestingly, our modeling exercises provide an 

insight into possible mechanism where GTX competes with 7SK RNA for the hydrophobic pocket of 

LARP7, which explains 7SK snRNP disassembly with subsequent release of P-TEFb and degradation of 

7SK RNA scaffold as observed in our experiments (Fig. 6, 7 and S7). Indeed, knock down of LARP7 via 

RNAi lead to degradation of 7SK RNA concomitant with elevated levels of free P-TEFb and increased Tat-

mediated HIV-1 expression, pointing the importance of LARP7 for the stability of the complex (Krueger et 

al., 2008) 

Thus far GTX  has been regarded as a toxin and a virulence factor of Aspergillus fungi, that acts as a 

immunosuppressant that inhibits phagocytosis, blocks Nf-kB signaling and cytokine production, moreover it 

has been reported to induce ROS formation (Choi et al., 2007; Kwon-Chung and Sugui, 2009; Sakamoto et 

al., 2015; Scharf et al., 2016; Stanzani et al., 2005; Wichmann et al., 2002; Yamada et al., 2000). However, it 

is important to note that all these effects of gliotoxin were observed at concentrations higher than 100 

nM, a concentration at which we see massive death of the cells. Additionally, from our practice we 

learnt that gliotoxin once dissolved is rather an unstable molecule and that its stability strongly depends on 

the solvent used. We observed very weak stability of GTX when reconstituted in DMSO, a solvent used 

frequently in laboratory practice, also in some of abovementioned studies. Therefore, we believe that 

previously reported effects of GTX should be interpreted with caution. Interestingly, lowest serum 

concentrations of GTX reported in patients with aspergillosis are found to be more than 10 orders of 

magnitude higher than concentrations effective in reversing HIV-1 latency in primary T cells and cells 

of aviremic participants, namely ~200nM (Lewis et al., 2005). Together, we believe that concentrations of 

20 nM, that effectively reverses latency in all tested models should be safe in people, additionally these low 

concentrations should be physiologically achievable in a therapeutic  context.  Finally,  our  screen  of  fungal 
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extrolites provides proof-of-principle that various fungi produce plethora of chemical entities, most of which 

have greatly unknown biological functions, and that these can be further exploited to identify novel 

compounds with therapeutic potential. 
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Figure 1. Fractionation of Aspergillus fumigatus growth supernatant identifies GTX as a novel latency reversal 

agent from a screen of fungal secondary metabolites. (A) Phylogenetic tree representing main orders of the fungal 

Kingdom with strains used in current study, collapsed per order. Orders selected from the tree published by Gostincar et 

al. (2018), with some of the lower orders included for structural reasons. Approximate ecological trends in the orders are 

summarized by symbols, as follows:  vertebrate pathogenicity prevalent,  climatic extremotolerance prevalent; 

frequent production of extracellular metabolites or mycotoxins,  frequent osmotolerance or growth in sugary fluids,

 numerous members with soilborne lifestyle,  numerous members inhabiting decaying wood rich in hydrocarbons, 

 frequent insect-association,  frequent mushroom decomposition or hyperparasitism on fungi or lichens, 

frequent inhabitants of foodstuffs or vertebrate intestinal tracts. (B) Latency reversal bioassay performed in J-Lat A2 

cells with growth supernatants obtained from selected fungal strains. (C) Latency reversal bioassay in J-Lat A2 cells with 

growth supernatants obtained from members of the Aspergillus genus. Cells were treated as in panel B. 
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Figure 2. Gliotoxin is the active 

component of growth supernatant of 

Aspergillus fumigatus and reverses 

latency in cell line models of HIV-1 

latency. (A) Schematic representation of the 

orthogonal MS strategy coupled to latency 

reversal bioassays used to identify putative 

LRA. (B) Three pre-concentration cartridges 

(HLC, SCX, MAX) were combined with 

variable content of extracting solvent. 

Latency reversal potential of fractionated 

secondary fungal metabolites was tested via 

treatment of J-Lat A2 cells. (C) Five 

molecules identified in active fractions were 

tested for LRA activity in J-Lat A2 cells. 

Data are presented as percent of GFP 

expression of fold increase in GFP 

expression as indicated, ± SD from at least 

three independent experiments. 
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Figure 3. GTX reverses HIV-1 latency in primary CD4+ T cells ex vivo infected without associated cytotoxicity, 

T cell activation, or inhibition of proliferative capacity. (A) Latency reversal measured as luciferase activity after 24 

hour treatment of latent primary CD4+ T cells with increasing concentrations of GTX as indicated, normalized to the 

positive control PMA/Ionomycin. (B) Latency reversal measured as luciferase activity after 24 hour treatment of latent 

primary CD4+ T cells with increasing concentrations of GTX isolated from growth supernatant of Aspergillus fumigatus 

CBS 100074, normalized to the positive control PMA/Ionomycin. Experiments were performed in duplicate using cells 
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obtained from at least 6 healthy donors. Wide horizontal lines represent average, shorter horizontal lines represent 

standard deviation. (C) Annexin V staining of primary CD4+ T cells treated with increasing concentrations of GTX as 

indicated after 24- and 72-hours treatment. (D) Representative FACS plot overlay showing the division of unstimulated 

and αCD3/CD28-stimulated CD8+ T cells in the presence or absence of GTX. Averaged data from 3 experiments is 

presented in panel E. (E) Unstimulated or αCD3/αCD28 stimulated PBMCs were treated with GTX as indicated for 72 

h followed by Annexin V staining of CD8+CD3+ T cells and flow cytometry. Each symbol represents one healthy donor 

(n = 6 from 3 independent experiments using 2 different donors cells), horizontal line depicts mean. (F) Activation status 

of primary CD4+ T cells upon GTX treatment as indicated. Averaged data of 3 independent experiments performed using 

2 different donors cells in duplicate (n=6). 
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Figure 4. GTX enhances the latency reversal activity of distinct LRA class molecules and strongly synergizes with 

HDAC inhibitor and BAF inhibitor family molecules. (A) A2 J-Lat cells were left untreated or treated with increasing 

GTX concentrations (0.25 µM and 0.5 µM) alone or in combination with other known LRAs as indicated for 48 hours. 

Data are presented as mean GFP expression ± SD from three independent experiments. (B) Fold induction luciferase 

activity after 24 hour co-treatment of ex vivo infected, latent primary CD4+ T cells with 20 nM GTX and distinct LRA 

class compounds as indicated. S indicates compound synergism in latency reversal according to the Bliss independence 

score. (C & D) Unstimulated and αCD3/αCD28 stimulated PBMCs were co-treated as indicated for 72 h followed by 

Annexin V staining of (C) CD4+CD3+ T cells and (D) CD8+CD3+ T cells. (E and F)  20 nM GTX does not alter 

activation of CD4+ (E) and CD8+ (F) T cells. PBMC from healthy donors were incubated with the indicated LRAs for 

72 hours either unstimulated or stimulated with anti-CD3/anti-CD28 antibodies. Representative FACS plots showing 

CD25 expression on gated CD8+ T cells are shown in top panel. Bottom panels  depicts pooled data showing the 

frequency of CD25+ cells within CD4+ (E) and CD8+ T cells (F). 
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Figure 5. Gliotoxin reverses latency in 

primary CD4+ T cells obtained from 

aviremic participants. (A) Absolute, cell 

associated (CA) pol copy number in CD4+ T 

cells isolated from 5 aviremic participants that 

were treated in vitro for 24 hours as indicated. 

Statistical significance was calculated using t 

test, * – p<0,05; ** – p<0,005; *** – 

p<0,0005. (B) Data presented in panel A has 

been averaged and plotted together. Each 

symbol represents aviremic participant: green- 

participant 1; blue- participant 2; white- 

participant 3; yellow- participant 4; pink- 

participant 5. Statistical significance was 

calculated using unpaired Mann-Whitney test, 

* – p<0,05.
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Figure 6. GTX treatment causes massive 

downregulation of 7 SK RNA with 

subsequent release of PTEF-b from it 

inhibitory 7SK snRNP complex. 

(A) Heat map of differentially expressed

genes obtained from RNA sequencing 

analysis of primary CD4+ T cells treated as 

indicated for 4 h (top panel). RNA 

sequencing indicate 7SK RNA to be the most 

differentially downregulated gene in 

response to GTX treatment of CD4+ T cells 

in two independent donors (bottom panel). 

(B) GTX treatment of primary CD4+ T cells

for 4 h leads to specific depletion of 7SK 

RNA levels and not mRNA levels of other 

components of the 7SK snRNP complex. (C) 

Heatmaps of RNA-seq data for NF-B target 

genes, oxidative stress related genes, 

apoptosis related genes and T-cell effector 

genes demonstrates that 20 nM GTX does 

not influence these pathways. Primary CD4+ 

T cells from two healthy blood donors were 

left unstimulated or stimulated with GTX 

[20nM] for 4 hours, RNA was isolated and 

processed for RNA sequencing. (D) GTX 

treatment causes release of pTEFb from 

sequestration within the 7SK snRNP 

complex. Representative western blot 

analysis of glycerol gradient sedimentation 

of lysates from primary CD4+ T cell treated 

as indicated (left panel). Quantification of 

free versus total CDK9 in primary CD4 T 

cells treated as indicated, as shown in left 

panel from three independent donors (right 

panel). Statistical significance was calculated 

using ANOVA followed by Tukey test (p < 

0.01). 
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Figure 7. GTX enhances the elongation step in HIV transcription via 7SK RNA degradation. (A) Proposed model 

for GTX-mediated transcription activation of the latent HIV-1 LTR. GTX treatment leads to degradation of 7SK RNA, 

resulting in release of CDK9 (P-TEFb component) from the 7SK snRNP complex. Free P-TEFb is then recruited to the 

HIV-1 Tat-TAR axis, leading to phosphorylation of RNA polymerase II at Serine 2 and subsequent stimulation of 

transcription elongation. (B) Representative western blot analysis of CTD Serine 2 phosphorylation of RNA Polymarase 

II mediated by the CDK9 in primary CD4+ T cells treated for 6h with GTX as indicated. PMA was used as a positive 

control, flavopiridol was used as a negative control. 
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Figure S1. Schematic representation of the strategy used to culture fungi and prepare fungal supernatants. 
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Figure S2. Identification of constituents of fungal supernatants (A) Commercially available, common constituents 

found in positive fractions that were tested for HIV-1 latency reversal. (B) HPLC-MS separation of dichloromethane 

extracts of Aspergillus fumigatus (CBS 100074 and CBS 113.26) fermentation broths. The insets indicate different 

gliotoxin content representing here more than 2.5 orders of magnitude (electrospray ionization). Quest for GTX in CBS 

625.66 supernatant. (C) Total ion current from HPLC-MS of GTX standard (green curve) and analyzed sample (red 

curve). (D) MS spectrum extracted from the chromatogram (7-8 min region). 
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Figure S3. GTX reverses HIV-1 latency in primary CD4+ T cells ex vivo infected without associated cytotoxicity, 

T cell activation, or inhibition of proliferative capacity. (A) Schematic of the strategy used to generate latent ex-vivo 

HIV-1 infected primary CD4+ T cells. (B) Data presented in Figure 3A normalized as a fold induction over untreated 

control (C) GTX treatment of primary CD4+ T cells at lower concentrations does not affect expression of reactive oxygen 

species (ROS), apoptosis or T-cell specific response related genes. Cells were isolated from 2 healthy blood donors and 

treated with GTX or left untreated for 4h as indicated. mRNA expression of T-cell effector functions, apoptosis and ROS 

related genes was assessed by real-time PCR. 
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Figure S4. GTX enhances the latency reversal activity of distinct LRA class molecules. (A) 11.1 J-Lat cells were 

left untreated or treated with increasing GTX concentrations (0.25 µM and 0.5 µM) alone or in combination with other 

known LRAs as indicated for 48 hours. Latency reversal (%GFP, left axis, green bars) and cell viability (%viable, right 

axis, empty bars) was then assessed by flow cytometry analysis. Data are presented as mean ± SD from three independent 

experiments. (B) 20 nM GTX alone or in combination with other LRA is non-toxic for CD8+ T cells. PBMC from a 

healthy donor were incubated with the indicated concentrations of either DMSO/ACN or LRA under unstimulated or 

plate-bound anti-CD3/anti-CD28 antibody stimulated conditions. After 72 hours exposure, cell death of CD8+CD3+ T 

cells was determined by Annexin V staining and flow cytometry. Representative flow cytometry plots are shown for one 

healthy donor. Numbers in plot depict frequency of gated Annexin V+ CD8+ T cells. 
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Figure S5. Co-treatments of GTX with other clasess or LRAs are nontoxic to the primary white blood cells. (A) Low 

concentration of GTX is non-cytotoxic for B cells (left panel), NK cells (middle panel) and monocytes (right panel). 

PBMC from healthy donors were incubated with the indicated concentrations of LRA for 72 hours and the frequency of 

drug-specific cell cytotoxicity was calculated for CD19+ B cells, CD56+ NK cells and CD14+ monocytes. Bottom FACS 
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panels represent the gating strategy used for analysis. Each symbol represents one healthy donor (n = 6 from 2-3 

independent experiments), horizontal line depicts mean. (B) CD4+ T cells and (C) CD8+ T cells were treated as indicated 

and the frequency of proliferating cells was assessed by flow cytometry. Each symbol represents one healthy donor (n = 

6 from 2-3 independent experiments), horizontal line depicts mean. 
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Figure S6. GTX treatment of CD4+ T cells obtained from aviremic participants does not induce ROS, apoptosis 

or T-cell specific responses. (A) 20 nM GTX treatment of primary CD4+ T cells isolated from 5 aviremic patients for 

24 hours does not affect expression of reactive oxygen species (ROS), apoptosis or T cell effector function related genes. 

mRNA expression of genes was assessed by real-time PCR, expression was normalized with GAPDH. Bottom panel 

represents averaged data from all 5 aviremic HIV+ participants. 
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Figure S7. GTX treatment causes release of active PTEF-b from it inhibitory 7SK snRNP complex. (A) GTX 

treatment causes release of P-TEFb from sequestration within the inactive 7SK snRNP complex. Western blot analysis 

of glycerol gradient sedimentation of lysates from primary CD4+ T cell (from two additional donors) either untreated or 
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treated with RNAse [100 µg/ml] or GTX [20nM] as indicated, using anibody specifically recognizing CDK9. Release of 

P-TEFb complex from sequestration within the inactive 7SK RNA complex. (B) GTX treatment results in 

phosphorylation of RNA polymerase II at serine 2 in CD4+ T cells obtained from two additional donors. Primary CD4+ 

T cells were untreated or treated with GTX, BET inhibitor OTX-015 [1 µM], CDK9 (P-TEFb component) catalytic 

inhibitor flavopiridol (FPD) [500 nM] and α-CD3/CD28 as a positive control for 6 h. Western blot analysis was 

performed using antibodies specific for Total RNA Pol II, serine 2 phosphorylated RNA Pol II, total CDK9 and tubulin 

as indicated. (C) GTX is not an HDAC inhibitor. Primary CD4+ T cells from two healthy blood donors were left untreated 

or treated with GTX or SAHA as indicated for 4 h and subjected to western blot analysis of acetylated histone H4, and 

total histones H2B and H3. 
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Figure S8. Schematic of the setup of glycerol gradient experiments. (A) Glycerol gradients are established by layering 

2 ml of glycerol fractions (10, 15, 20, 25, 30 %) in buffer A into ultracentrifuge tubes. After 6 hours gradients are ready 

to use, cell lysate is loaded onto top of the gradients. Tubes are subjected to ultracentrifugation – 38 000 rpm for 20 

hours. (B) After centrifugation 1 ml fractions are collected and subjected to Trichloroacetic acid (TCA) protein 

precipitation protocol with subsequent analysis by SDS-PAGE western blot.  
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Figure S9. Molecular docking of GTX onto LARP7. (A) Crystal structure of human LARP7 C-terminal domain in 

complex with 7SK RNA SL4 (PDB ID code 6D12). LARP7 is shown in space-filling representation (grey) with bound 

RNA as yellow cartoon representation with bases indicated as flat rings (oxygens in red). One of the bases of 7SK RNA 

SL4 is bound into a deep pocket on the surface of LARP7. (B) Proposed binding mode of GTX into the deep pocket on 

the surface of LARP7 as predicted by Chimera’s AutoDock Vina function and the Achilles Blind Docking Server. Color 

code for GTX is turquois for carbon, red for oxygen, yellow for sulphur, white for hydrogen, blue for nitrogen. (C) Close 

up of hydrophobic pocket on the surface of LARP7 with bound GTX (highest scoring prediction from Achilles 

coordinates)  in two orientations. LARP7 surface color code  is red for oxygen, blue for nitrogen, grey for carbon 

(hydrophobic). Color code for GTX as in panel B. (D) Details of interactions formed between LARP7 and GTX. Color 

code as in panel B. The predicted hydrogen bond  between GTX and Lysine 543 from LARP 7 is indicated with a dashed 

line. Side chain atoms of Asp539, Ile536, Pro449 and Tyr483 make favorable van der Waals contacts with GTX. All 

images were generated with the use of PyMol software. 

STAR    Methods 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Cells and culture conditions 

Jurkat latent (J-Lat) cell lines A2 and 11.1 were cultured in RPMI-1640 media supplemented with 10% FBS and 100 

µg/ml penicillin-streptomycin at 37 oC in a humidified 95%-air-5%CO2 incubator. Primary CD4+ T cells were cultured 

in RPMI-1640 media supplemented with 7% FBS and 100 µg/ml penicillin-streptomycin at 37 oC in a humidified 95%-

air-5%CO2 incubator.  

METHOD DETAILS 

Preparation of fungal supernatants 

We screened 115 species of filamentous fungi (Table S1, Fig. S1A). Species belonged to 28 orders (43 families) of the 

fungal Kingdom. The majority were of ascomycetous affinity including ascomycetous yeasts (Saccharomycetales: four 

species), 12 were of basidiomycetous affinity including three basidiomycetous yeasts (Trichosporonales, Tremellales), 

and three species of lower fungi (Mucorales)(Gostinčar et al., 2018). Rationale for choice was the expected production 

of a wide array of metabolites, which are known to be more pronounced in fungi living in habitats with environmental 

stress or microbial competition. Particularly versatile nutrient scavengers in Eurotiales and Hypocreales are established 

metabolite and toxin producers. Onygenales are cellulose and keratin degraders, and contain a large cluster of mammal 

pathogens with alternating environmental life cycles. Members of Capnodiales are saprobes in environments with 

stressful microclimates such as rock, glass and indoor. Identity of all strains was verified by rDNA ITS (Internal 

Transcribed Spacer) and partial nucLSU (D1/D2 of Large SubUnit) sequencing. 

Strains were derived from lyophilized storage in the reference collection of the Centraalbureau voor 

Schimmelcultures (housed at Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands). After opening, 

contents of vials were taken up in 1 mL malt peptone and distributed on Malt Extract Agar (Oxoid) culture plates. Strains 

236



were maintained MEA slants and subcultured regularly until use. Mycelial fragments of one-week-old colonies grown 

on MEA at 25ºC were used as inocula for 500-mL flasks containing 150 mL RPMI (with glutamine) shaken at 180 r.p.m. 

and incubated at 25ºC for 7 days, with one negative control. Flasks were checked daily until biomass reached 1/3 to 1/4 

of the volume, then harvested by centrifugation at 14,000 g and filtered using 0.2 μm metal filters. Supernatants were 

transferred to falcon tubes and used for latency screens. One strain per genus was used in a first round; additional isolates, 

some of which were close relatives and others located at larger phylogenetic distance, were tested in case of positive 

response. Positive tests of strain Aspergillus fumigatus CBS 113.26 was thus followed by A. fumigatus CBS 154.89, CBS 

117884, CBS 100074, A. lentulus CBS 117884, and A. flavus CBS 625.66. 

Fractionation and mass spectrometry characterization of active components 

Complex fungal supernatants (3.3 mL) were twice extracted with ethylacetate (3 mL) in glass tubes (5 minute vortex) 

and centrifuged at 3000 rpm. Water phase was discarded and organic extract dried in vacuum concentrator. Lipids were 

removed by consequent hexane/water extraction (50/50, v/v, 4 mL total volume), aqueous phase was collected and dried. 

The dried material was reconstituted in a 50% methanol and such a solution loaded onto HLB, MCX and MAX cartridges 

(Fig. 2A) obtained from Waters Corporation (Prague, Czech Republic). The adsorbed compounds were desalted and 

stepwise eluted with increasing (5, 45 and 95%) organic solvent (MeOH) gradient (1% HCOOH) providing A, B and C 

sample variants, respectively (Fig. 1C). HLB was based on N-vinylpyrrolidone – divinylbenzene copolymer and 

provided 5-fractions. MCX was cation exchange sorbent represented the HLB material modified with SO3H- groups (6-

fractions). The best performance was provided anion exchange MAX cartridge providing 7-fractions. After each round 

of fractionation all samples were tested in J-Lat/S-Lat latency models, followed by quantitation GFP/luciferase 

expression and identification of fraction retaining activating component. As expected, originally less active fractions 

have become positive as the active components became populated during the enrichment process. The same phenomenon 

was observed when working with less or more active Aspergillus strains (Supplemental Fig. 2C). 

The most active 7B/7C fractions were further fractioned on HLB cartridge (11-samples) and components 

dereplicated by Cyclobranch software (Novák et al., 2017). Compound matching against the annotated database of 

Aspergillus secondary metabolites has revealed a set candidate compounds further selected for latency reversal testing. 

Gliotoxin was present in active fractions (Figs. 2D, E). 

Detailed examination of commercial (GTX, Cayman and ApexBio) and natural gliotoxins was performed by 

high performance liquid chromatography (HPLC) and Fourier transform ion cyclotron resonance (FTICR) mass 

spectrometry. SolariX XR 12T FTICR instrument (Bruker Daltonics, Billerica, USA) was operated in positive ion mode 

with electrospray ionization. Separation of GTX components was performed on Acquity UPLC HSS T3 analytical 

column (Waters, Prague, Czech Republic) with 1.0x150 mm dimensions and 1.8 um particle size. The analysis was 

carried out at 30 oC and 30 uL/min flow rate with the following A/B gradient: 0 min – 30% B; 30 min - 95% B; 40 min 

- 95% B; 50 min - 30% B; 60 min - 30% B. The gradient components A and B were represented by 0.1% formic acid in

water or acetonitrile, respectively. One minute time windows around S2 and S3/S4 gliotoxins were used for fraction 

isolation. The preparative chromatography was performed both with commercial gliotoxin as well as with A. fumigatus 

100074 strain.
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Flow cytometry and annexin V staining 

GFP expression of cell lines J-Lat A2 and 11.1 and phenotype of spin infected primary CD4+ T cells at the moment of 

reactivation were analyzed by FACS (fluorescence-activated cell sorting) as described previously (Stoszko et al. 2015). 

For Annexin V staining 106 cells were washed with PBS supplemented with 3% FBS and 2.5mM CaCl2 and stained with 

Annexin V-PE (Becton and Dickinson) for 20 min at 4 oC in dark in the presence of 2.5mM CaCl2. Stained cells were 

washed with PBS/FBS/CaCl2, fixed with 1% formaldehyde and analyzed by FACS. 

Primary CD4+ T cell isolation and infection 

Primary CD4+ T cells were isolated from buffy coats from healthy donors by Ficoll gradient (GE Healthcare) followed 

by negative selection with RosetteSep Human CD4+ T Cell Enrichment Cocktail (StemCells Technologies). Isolated 

cells were left overnight for recovery and used for spin-infection according to Lassen and Greene method as described 

previously (Spina et al. 2013, Stoszko et al. 2015). Briefly, CD4+T cells were infected with the PNL4.3.LUC.R-E- virus 

by spinoculation (120 min at 1200 g) and cultured for three days in RPMI 10% FBS and 100 μg/ml penicillin-

streptomycin in presence of Saquinavir Mesylate (5 μM). Three days after infection cells were treated as indicated in 

presence of Raltegravir (30 μM). Cells were harvested 24 h after treatment and luciferase activity was measured using 

Luciferase Assay System (Promega, Leiden, The Netherlands). Infections were performed using pseudotyped particles 

obtained by co-transfecting HXB2 Env with pNL4.3.Luc.R-E- plasmid into HEK 293t cells using PEI, 48 and 72 h post 

transfection, supernatants containing pseudotyped virus were collected, filtered with 0.45µm filter and stored at –80 oC. 

Molecular clones pNL4.3.Luc.R-E- and HIV-1 HXB2-Env, and antiretroviral drugs Saquinavir Mesylate and Raltegravir 

were kindly provided by the Centre for AIDS Reagents, NIBSC. HIV-1 molecular clone pNL4.3.Luc.R-E- and HIV-1 

HXB2-Env expression vector were donated by Dr. Nathaniel Landau and Drs Kathleen Page and Dan Littman, 

respectively.  

HIV-1 latency reversal in primary CD4+ T cells isolated from aviremic patients 

Primary CD4+ T cells were isolated as described previously (Stoszko et al., 2015). Three million CD4+ T cells were 

plated in triplicate at the cell density of 106/ml and treated as indicated. After 24 hours cells were lysed and total RNA 

was isolated as described below. Written informed consent was obtained from all patients involved in the study. The 

study was conducted in accordance with ethical principles of the Declaration of Helsinki. The study protocol and any 

amendment were approved by The Netherlands Medical Ethics Committee (MEC-2012-583). 

Total RNA isolation and quantitative RT-PCR 

Cells were lysed in TRI reagent and RNA was isolated with Total RNA Zol-out kit (A&A Biotechnology), cDNA 

synthesis and qPCR was performed as described previously (Stoszko et al., 2016). Gene expression was calculated using 

2-ΔΔCt method by Livak/Schmittgen (Schmittgen and Livak, 2008), expression of GAPDH was used for normalization.

Absolute quantification of cell-associated pol RNA was performed as described previously (Stoszko et al., 2016). Briefly, 

qPCR was performed in a final volume of 25 μl using 4 μl of cDNA, 2.5 μl of 10× PCR buffer (Life Technologies), 1.75 

μl of 50mM MgCl2 (Life Technologies), 1 μl of 10 mM dNTPs (Life Technologies), 0.125 μl of 100 μM Pol Forward 

primer (HXB2 genome 4901 → 4924), 0.125 of 100 μM Pol Reverse primer (HXB2 genome 5060 → 5040), 0.075 μl of 
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50 μM of Pol Probe, and 0.2 μl Platinum Taq polymerase (Life Technologies). The lower limit of detection of this method 

was of 20 copies of HIV-1 RNA in1 μg of total RNA. The absolute number of polcopies in PCR was calculated using a 

standard curves ranging from 7 to 480 copies of a plasmid containing the full-length HIV-1 genome (pNL4.3.Luc.R-

E-). The amount of HIV-1 cellular associated RNA was expressed as number of copies/μg of input RNA in reverse 

transcription. Preparations of cell-associated RNA were tested for potential contamination with HIV-1 DNA and-or 

host DNA by performing the PCR amplification in the presence and absence of reverse transcriptase. List of all primers 

used can be found in Table S3.

Glycerol gradient sedimentation (Fig. S8) 

Glycerol gradients were prepared as described previously (Contreras et al., 2007). Briefly, around 40 x 106 primary 

CD4+ T cells isolated from healthy donors were either untreated or treated with GTX [20 nM] for 4 h, for RNAse A 

treatment . Cells were lysed for 30 min in buffer A supplemented with either 100U/ml RNasin (Promega) for untreated 

and GTX conditions, or with 100 µg/ml RNase A. RNase supplemented lysates were incubated for 10 min at room 

temperature to ensure efficient degradation of RNA. Lysates were fractionated by centrifugation in a SW41 Ti rotor at 

38000rpm for 20h. 1mL fractions were collected in 2 ml tubes and subjected to Trichloroacetic Acid precipitation 

of proteins as described previously (Link and LaBaer, 2011). Briefly, to each 1 ml fraction 110 µl of ice-cold 100% 

trichloroacetic acid (TCA) was added and incubated on ice for 10 min. Then, 500 µl of ice-cold 10% TCA was added 

to each sample and incubated on ice for 20 min, followed by centrifugation at 20 000g for 30min. Supernatants were 

carefully removed and precipitates were gently washed with 500 µl of ice-cold acetone followed by centrifugation 

at 20 000g for 10 min. Supernatants were gently removed and dried at room temperature for about 10 min. Protein 

precipitates were then re-suspended in 50 µL of Laemmli loading buffer and subjected to 10% SDS-PAGE separation 

and detection of CDK9 (C-20, sc-484, Santa Cruz Biotechnology). 

RNA Polymerase II phosphorylation 

Ten million primary CD4+ T cells were either untreated or treated with GTX, OTX-015 [1 µM], flavopiridol [500 nM], 

PMA [10 nM] or αCD3/CD28 beads (cell: bead ratio 1:1) for 6 h. Cell were lysed for 30min on ice with IP buffer 

(Stoszko et al., 2015) and subjected to western blot analysis using following antibodies: total RNAPII (N-20, sc-899 

Santa Cruz Biotechnology), phospho-Ser2 RNAPII (H5, ab-24758, Abcam), CDK9 (C-20, sc-484, Santa Cruz 

Biotechnology), α-tubulin (ab6160, Abcam). 

Histone acetylation 

Ten million primary CD4+ T cells were treated with gliotoxin concentration gradient, SAHA or left untreated for 4 h 

and then washed twice in PBS. Cells were lysed for 10 min at 4 oC in TEB buffer (PBS, 0.5 % triton X-100 (v/v), 2 mM 

phenylomethylsulfonyl fluoride (PMSF), 0.02 % (w/v) NaN3) at a density of 107 cells per 1 ml of the buffer. Samples 

were centrifuged at 425 g for 10 min at 4 oC. Supernatants were discarded and cell pellets were washed in half the volume 

of TEB buffer used for lysis and centrifuged as before. Supernatants were discarded and pellets were resuspended in 

0.2N HCl at a density of 4 x 107 cells per ml. Histones were extracted overnight at 4 oC and then centrifuged at 425 g for 

10 min at 4 oC. Supernatants were collected, protein concentration was determined by the Bradford assay and samples 
239



were subjected to SDS-PAGE western blot. Following antibodies were used in western blot analysis: anti-acetyl-histone 

H4 (06-598, Milipore) and anti-histone H2B (ab52484, Abcam). 

RNA sequencing and data analysis 

Ten million primary CD4+ T cells were stimulated with 20 nM gliotoxin or left unstimulated for 4 h. Experiment was 

performed in duplicate on cells isolated from two buffy coats from healthy donors as described above. RNA was isolated 

as described above. cDNA libraries were generated using Illumina TruSeq Stranded mRNA Library Prep kit (Illumina). 

The resulting DNA libraries were sequenced according to the Illumina TruSeq Rapid v2 protocol on an Illumina 

HiSeq2500 sequencer. Reads were generated of 50 base-pairs in length. Reads were mapped against the GRCh38 human 

reference using HiSat2 (version 2.0.4). We called gene expression values using htseq-count (version 0.6.1), using 

Ensembl transcript annotation. 

Toxicity assay 

Peripheral blood mononuclear cells (PBMC) were isolated by density gradient centrifugation (Ficoll-Hypaque, GE 

Healthcare life sciences) from buffy coats from healthy donors (Sanquin Amsterdam) and either used immediately or 

frozen in freezing media (90% FBS/10% DMSO) and stored short term at -80°C. For cytotoxicity testing, cells were 

cultivated in culture media RPMI 1640 (Life Technologies) supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml 

penicillin, and 100g/ml streptomycin-sulfate at a concentration of 1x106 cells/ml in 24-well plates (Thermo Scientific) 

that were either uncoated (unstimulated cells) or coated with anti-human CD3 (1µg/ml, clone UCHT1, no azide/low 

endotoxin, BD Bioscience) and anti-CD28 (10µg/ml, clone CD28.2, no azide/low endotoxin, BD Bioscience) 

monoclonal antibodies (stimulated cells). The following LRA were added at the concentrations indicated in figures: 

Gliotoxin (GTX, ApexBio), SAHA-Vorinostat (Selleck Chemicals), caffeic acid phenethyl ester (CAPE, MP 

Biomedicals), and Romidepsin (RMD, Sigma Aldrich). LRA at indicated concentrations were added to the cultures and 

cells were continuously exposed for 72 hours. Since GTX was reconstituted in acetonitrile (ACN), and all other LRA in 

dimethyl sulfoxide (DMSO), both solvents were added to the DMSO/ACN control culture (ACN 1:10000, DMSO 

1:2500) to control for the effect these solvents may have on cell viability.  

Flow cytometric for cytotoxicity assay 

To examine the effect the LRA have on immune cell subpopulations, cell viability, activation and proliferation was 

analyzed by flow cytometry. Surface antigens were detected by incubating 0.8-1.0x106 cells with pre-determined optimal 

concentrations of monoclonal antibody mixes in FACS wash (FW, Hanks buffered saline solution (HBSS, Life 

Technologies)), 3% fetal bovine serum (FBS, Life Technologies), 0.02% NaN3, 2.5 mM CaCl2) for 20 min at 4° C, 

washed one times with FW and fixed with 1% paraformaldehyde. To determine proliferation, cells were stained with 

0.07 µM CellTrace Far Red Cell Proliferation dye according to manufacturer’s protocol (ThermoFisher Scientific) before 

cultivating for 72 hours with either unstimulated or stimulated conditions in the presence of LRA.  

The following directly conjugated monoclonal anti-human antibodies were used to analyze CD8+ T cells 

(CD3+CD8+), CD4+ T cells (CD3+CD4+), B cells (CD3-CD19+), monocytes (CD14+) and NK cells (CD3-CD56+): 

CD3-BV421 (clone UCHT1), CD4-BV650 (SK3), CD8-BV786 (RPA-T8), CD14-PE-Cy7 (61D3, eBioscience), CD19-
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PerCP-Cy5.5(HIB19, eBioscience), CD56-PE-Cy5.5(CMSSB, eBioscience), Annexin V-PE, CD25- Super Bright 600 

(BC96, eBioscience). All antibodies were purchased from BD Biosciences unless otherwise indicated. Between 2 - 4x105 

events were collected per sample within 24 hours after staining on a LSRFortessa (BD Biosciences, 4 lasers, 18 

parameters) and analyzed using FlowJo software (version 9.7.4, Tree Star). Data are represented as frequency within a 

defined population. Drug-specific cell death was calculated using the following formula: 

[(% Drug-induced cell death – % cell death in DMSO/ACN only)/(100 - % cell death in DMSO/ACN only)]*100 

Molecular docking 

Molecular docking was used to predict the most likely binding mode of gliotoxin to LARP7 C-terminal domain. The 

crystal structure of human LARP7 C-terminal domain in complex with 7SK RNA stem loop 4 (PDB ID code 6D12) was 

optimized using PDB-REDO (Joosten et al., 2014) and used as a template to define the receptor for the docking 

simulation. The resulting pdb file was manually adapted for input into the docking procedure by elimination of protein 

chain B and RNA domain C and replacement of Selenium atoms (present as selenomethionin, incorporated for phasing 

purposes; (Eichhorn et al., 2018)) by sulfur. GTX ligand structure was built and energy minimized using the program 

Chimera (Pettersen et al., 2004). Molecular docking of GTX to LARP7 C-terminal domain was performed using Achilles 

Blind Docking server (https://bio-hpc.ucam.edu/achilles/) and Chimera’s AutoDock Vina function (Trott and Olson, 

2010). The resulting solutions were ranked based on highest binding affinity (or lowest binding energy). Figures were 

created using PyMol software (Schrödinger, LLC, 2015). 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Western blot quantification 

Differential band density was quantified by ImageQuant TL software using area and profile-based toolbox. For glycerol 

gradient western blot quantification an area frame was defined for all bands (total CDK9 protein content in all fractions), 

complex-bound CDK9 bands (heavy fractions) or free CDK9 bands (light fractions) were defined. The three area frames 

were measured for total density after background subtraction (local average). Relative complex-bound CDK9 or free 

CDK9 percentage was calculated regarding the untreated control (total CDK9 abundance). For immunoprecipitation 

western blot quantification an area for each LARP7 and CDK9 band was defined and total density was measured after 

background subtraction (local average). LARP7 abundance was first normalized to CDK9 abundance for each lane and 

relative abundance was calculated regarding untreated control. Statistical significance was calculated using ANOVA 

followed by Tukey’s test (p<0.01). 

Statistical significance 

Statistical significance was calculated as indicated in figure legends. Analyses were performed using Prism version 7.03 

(GraphPad software). 
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Table S1. Strains analyzed for their ability to induce HIV-1 proviral expression. 

CBS Name Order Family 

220,84 Acremonium recifei Hypocreales Hypocreaceae 

603,78 Alternaria alternata Pleosporales Pleosporaceae 

177.80 Alternaria caespitosa Pleosporales Pleosporaceae 

210,86 Alternaria infectoria Pleosporales Pleosporaceae 

163,74 Ascodesmis nigricans Pezizales Ascodesmidaceae 

114,48 Aspergillus clavatus Eurotiales Aspergillaceae 

625,66 Aspergillus flavus Eurotiales Aspergillaceae 

113,26 Aspergillus fumigatus Eurotiales Aspergillaceae 

416,68 Acremonium potronii Eurotiales Aspergillaceae 

117884 Aspergillus lentulus Eurotiales Aspergillaceae 

589,65 Aspergillus nidulans Eurotiales Aspergillaceae 

769,97 Aspergillus niger Eurotiales Aspergillaceae 

245,65 Aspergillus versicolor Eurotiales Aspergillaceae 

116686 Aspergillus terreus Eurotiales Aspergillaceae 

584,75 Aureobasidium pullulans Dothideales Aureobasidiaceae 

172,57 Bipolaris australiensis Pleosporales Pleosporaceae 

173,57 Bipolaris hawaiiensis Pleosporales Pleosporaceae 

586.80 Bipolaris spicifera Pleosporales Pleosporaceae 

113191 Botryosphaeria dothidea Botryospheriales Botryosphaeriaceae 

567.78A Botrytis cinerea Helotiales Sclerotiniaceae 

545,83 Chaetomium globosum Sordariales Chaetomiaceae 

104,62 Chrysosporium keratinophilum Onygenales Onygenaceae 

173,52 Cladophialophora bantiana Chaetothyriales Herpotrichiellaceae 

316,56 Cladophialophora boppii Chaetothyriales Herpotrichiellaceae 

166,54 Cladophialophora carrionii Chaetothyriales Herpotrichiellaceae 

109501 Cladosporium cladosporioides Capnodiales Cladosporiaceae 

399.80 Cladosporium bruhnei Capnodiales Cladosporiaceae 

108,85 Cladosporium herbarum Capnodiales Cladosporiaceae 

113856 Coccidioides immitis Onygenales Onygenaceae 

113859 Coccidioides posadasii Onygenales Onygenaceae 

117439 Coprinopsis cinereus Agaricales Psathyrellaceae 

220,52 Curvularia geniculata Pleosporales Pleosporaceae 

730,96 Curvularia lunata Pleosporales Pleosporaceae 

637,82 Cylindrocarpon cyanescens Hypocreales Hypocreaceae 

116632 Cyphellophora europaea Chaetothyriales Cyphellophoraceae 

190,61 Cyphellophora laciniata Chaetothyriales Cyphellophoraceae 

286,85 Cyphellophora pluriseptata Chaetothyriales Cyphellophoraceae 
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443,88 Dissitimurus exedrus Pleosporales Pleosporaceae 

177.60 Emmonsia crescens Onygenales Ajellomycetaceae 

102456 Emergomyces pasteurianus Onygenales Ajellomycetaceae 

214,63 Epidermophyton floccosum Onygenales Arthrodermataceae 

129,54 Eurotium chevalieri Eurotiales Aspergillaceae 

207,35 Exophiala dermatitidis Chaetothyriales Herpotrichiellaceae 

537,76 Exophiala jeanselmei Chaetothyriales Herpotrichiellaceae 

899,68 Exophiala spinifera Chaetothyriales Herpotrichiellaceae 

102455 Exophiala xenobiotica Chaetothyriales Herpotrichiellaceae 

196,79 Falciformispora senegalensis Pleosporales Leptosphaeriaceae 

102237 Fonsecaea pedrosoi Chaetothyriales Herpotrichiellaceae 

840,88 Fusarium oxysporum Hypocreales Hypocreaceae 

120996 Fusarium proliferatum Hypocreales Hypocreaceae 

181,29 Fusarium solani Hypocreales Hypocreaceae 

539,79 Fusarium verticillioides Hypocreales Hypocreaceae 

109689 Ganoderma lucidum Polyporales Polyporaceae 

224,48 Geotrichum candidum Saccharomycetales Dipodascaceae 

136,72 Histoplasma capsulatum Onygenales Ajellomycetaceae 

410,51 Hortaea werneckii Capnodiales Capnodiaceae 

118183 Hypoxylon investiens Xylariales Hypoxylaceae 

467,74 Lomentospora prolificans Microascales Microascaceae 

331.50 Madurella grisea Sordariales Chaetomiaceae 

110087 Madurella mycetomatis Sordariales Chaetomiaceae 

119449 Microsporum audouinii Onygenales Arthrodermataceae 

114329 Microsporum canis Onygenales Arthrodermataceae 

427,63 Microsporum ferrugineum Onygenales Arthrodermataceae 

246,89 Monascus ruber Eurotiales Monascaceae 

157,58 Moniliella suaveolens Moniliellales Moniliellaceae 

616,63 Mucor racemosus Mucorales Mucoraceae 

120675 Nannizzia gypsea Onygenales Arthrodermataceae 

116672 Nannizziopsis vriesii Onygenales Nannizziopsidaceae 

204,33 Neoscytalidium dimidiatum Dothideales Dothioraceae 

113,64 Neosartorya fischeri Eurotiales Aspergillaceae 

331,78 Neotestudina rosatii Sordariales Neotestudinaceae 

116660 Ochroconis gallopava Venturiales Sympoventuriaceae 

109438 Onychocola canadensis Arachnomycetales Arachnomycetaceae 

339,51 Paecilomyces variotii Eurotiales Aspergillaceae 

272,86 Penicillium funiculosum Eurotiales Aspergillaceae 

120336 Penicillium chrysogenum Eurotiales Aspergillaceae 
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119375 Penicillium brevicompactum Eurotiales Aspergillaceae 

190,67 Penicillium camemberti Eurotiales Aspergillaceae 

113273 Phaeoacremonium inflatipes Diaporthales Togniniaceae 

108946 Phaeoacremonium parasiticum Diaporthales Togniniaceae 

121222 Phialemonium curvatum Sordariales Cephalothecaceae 

225,97 Phialophora verrucosa Chaetothyriales Herpotrichiellaceae 

281,83 Phoma glomerata Pleosporales Didymellaceae 

271,31 Piedraia hortae Dothideales Piedraiaceae 

483.80 Pleurostomophora richardsiae Calosphaeriales Pleurostomataceae 

113566 Pochonia chlamydosporia Clavicipitales Clavicipitaceae 

430,87 Purpurocillium lilacinus Clavicipitales Ophiocordycipitaceae 

650,93 Rhinocladiella mackenziei Chaetothyriales Herpotrichiellaceae 

109135 Rhinocladiella similis Chaetothyriales Herpotrichiellaceae 

112,07 Rhizopus arrhizus Mucorales Rhizopodaceae 

117419 Scedosporium apiospermum Microascales Microascaceae 

118934 Scedosporium aurantiacum Microascales Microascaceae 

254,66 Scedosporium boydii Microascales Microascaceae 

103.20 Schizophyllum commune Schizophyllales Schizophyllaceae 

115540 Scopulariopsis brevicaulis Microascales Microascaceae 

345,58 Scopulariopsis brumptii Microascales Microascaceae 

119145 Sporothrix schenckii Ophiostomatales Ophiostomataceae 

119370 Stachybotrys chartarum Hypocreales Stachybotryaceae 

568,91 Syncephalastrum racemosum Mucorales Syncephalastraceae 

107,89 Talaromyces marneffei Eurotiales Trichocomaceae 

642,68 Talaromyces minioluteum Eurotiales Trichocomaceae 

112095 Talaromyces pinophilum Eurotiales Trichocomaceae 

123071 Trichoderma harzianum Hypocreales Hypocreaceae 

121805 Trichophyton interdigitale Onygenales Arthrodermataceae 

511,73 Trichophyton erinacei Onygenales Arthrodermataceae 

303,38 Trichophyton rubrum Onygenales Arthrodermataceae 

564,94 Trichophyton schoenleinii Onygenales Arthrodermataceae 

417,65 Trichophyton simii Onygenales Arthrodermataceae 

384,89 Trichophyton violaceum Onygenales Arthrodermataceae 

496,48 Trichophyton tonsurans Onygenales Arthrodermataceae 

319,31 Trichophyton violaceum Onygenales Arthrodermataceae 

116300 Tritirachium oryzae Tritirachiales Tritirachiaceae 

123286 Ulocladium chartarum Pleosporales Pleosporaceae 

102593 Veronaea botryosa Chaetothyriales Herpotrichiellaceae 

196,56 Wallemia sebi Wallemiales Wallemiaceae 
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154,31 Alternaria alternata 

916,96 Alternaria alternata 

109455 Alternaria alternata 

120829 Alternaria alternata 

199,67 Ulocladium chartarum 

200,67 Ulocladium chartarum 

117137 Ulocladium chartarum 

121494 Ulocladium chartarum 

192,65 Aspergillus fumigatus 

475,75 Aspergillus fumigatus 

287,95 Aspergillus fumigatus 

175,97 Aspergillus fumigatus 

100074 Aspergillus fumigatus 

117884 Aspergillus lentulus 

121597 Aspergillus lentulus 

116879 Aspergillus lentulus 

117186 Aspergillus fumigatiaffinis 

117194 Aspergillus fumigatiaffinis 

144,34 Coccidioides immitis 

146,56 Coccidioides immitis 

711,73 Coccidioides immitis 

113851 Coccidioides immitis 

113853 Coccidioides immitis 

113859 Coccidioides posadasii 

113848 Coccidioides posadasii 

113850 Coccidioides posadasii 

113858 Coccidioides posadasii 

113839 Coccidioides posadasii 

113840 Coccidioides posadasii 

113841 Coccidioides posadasii 

113844 Coccidioides posadasii 

120,77 Uncinocarpus reesii 

668,78 Uncinocarpus reesii 

113679 Uncinocarpus reesii 

491,72 Alternaria chlamydospora 

120987 Alternaria chlamydospora 

240.70 Alternaria phragmospora 

481,81 Alternaria limaciformis 

548,81 Alternaria molesta 
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239,73 Alternaria brassicae 

116531 Alternaria brassicae 

113,44 Alternaria japonica 

118390 Alternaria japonica 

106,41 Alternaria brassicicola 

121335 Alternaria brassicicola 

*Strains of Alternaria alternata, Aspergillus fumigatus, and Coccidioides immitis showed response above
baseline. Additional isolates are therefore in Eurotiales, Pleosporales and Onygenales, respectively.
Responses were variable within species.
Note: GTX is known to be produced by species of Aspergillus (Eurotiales) and Gliocladium (Hypocreales).
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Table S2. List of constituents of positive fractions annotated by MALDI-TOF mass spectrometry. 

Constituent Molecular mass Chemical formula 

F
ra

ct
io

n
 7

B
 

Gliotoxin 365.0027 C13H14N2O4S2(K)(H-1) 

Bis-N-norgliovictin 365.0390 C14H18N2O3S2(K)(H-1) 

Pseudomonine 316.1292 C16H17N3O4 

Vanchrobactin 436.1229 C16H23N5O7(K)(H-1) 

Endocrocin 337.0319 C16H10O7(Na)(H-1) 

3-hydroxymugeneic acid 337.1242 C12H20N2O9 

Fumigaclavine A 337.1313 C18H22N2O2(K)(H-1) 

Pacifarinic acid 426.1007 C16H21N1O11(Na)(H-1) 

Salmochelin SX 426.1007 C16H21N1O11(Na)(H-1) 

Benarthin 412.1827 C17H25N5O7 

Myxochelin B 426.1636 C20H25N3O6(Na)(H-1) 

Pistillarin 426.1636 C20H25N3O6(Na)(H-1) 

12,13-dihydroxy fumitremorgin C 412.1867 C22H25N3O5 

Cyclotryprostatine A 412.1867 C22H25N3O5 

Verruculogen TR 3 412.1867 C22H25N3O5 

Cyclotryprostatine B 426.2023 C23H27N3O5 

Sphingofungin B 412.2670 C20H39NO6(Na)(H-1) 

F
ra

ct
io

n
 7

C
 

Gliotoxin E 381.0008 C13H14N2O4S3(Na)(H-1) 

Pseudomonine 316.1292 C16H17N3O4 

Vanchrobactin 436.1229 C16H23N5O7(K)(H-1) 

Fumiquinazolines F 381.1322 C21H18N4O2(Na)(H-1) 

Fumiquinazolines G 381.1322 C21H18N4O2(Na)(H-1) 

Endocrocin 337.0319 C16H10O7(Na)(H-1) 

3-hydroxymugeneic acid 337.1242 C12H20N2O9 

Fumigaclavine A 337.1313 C18H22N2O2(K)(H-1) 

Gliotoxin 365.0027 C13H14N2O4S2(K)(H-1) 

Bisdechlorogeodin 369.0371 C17H14O7(K)(H-1) 

Bis-N-norgliovictin 365.0390 C14H18N2O3S2(K)(H-1) 

m-Anisic acid 369.0945 C18H18O7(Na)(H-1) 

Acinetobactin 369.1169 C16H18N4O5(Na)(H-1) 

F
ra

ct
io

n
 1

1
C

 

Dimerumic acid 523.2165 C22H36N4O8(K)(H-1) 

Pseudomonine 316.1292 C16H17N3O4 

Gliotoxin 365.0027 C13H14N2O4S2(K)(H-1) 

Pyrocatechin violet 409.0352 C19H14O7S(Na)(H-1) 

Spirotryprostatin A 396.1918 C22H25N3O4 

Bis-N-norgliovictin 365.0390 C14H18N2O3S2(K)(H-1) 

2-chloro-1,3,8-trihydroxy-6-methyl-

(8CI); 2-Chloro-1,3,8-trihydroxy-6-

methylanthrone
313.0238 C15H11ClO4(Na)(H-1) 
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2-chloro-1,3,8-trihydroxy-6-methyl- 

(8CI); 2-Chloro-1,3,8-trihydroxy-6-

methylanthrone 

 

328.9977 

 

C15H11ClO4(K)(H-1) 

9(10H)-Anthracenone, 2-chloro-1,3,8-

trihydroxy-6-(hydroxymethyl)- 
329.0187 C15H11ClO5(Na)(H-1) 

Orlandin 411.1074 C22H18O8 

Bisdechlorogeodin 369.0371 C17H14O7(K)(H-1) 

Didehydrobisdethiobis(methylthio) 

gliotoxin 
393.0340 C15H18N2O4S2(K)(H-1) 

Myxochelin 427.1476 C20H24N2O7(Na)(H-1) 

Putrebactin 411.1640 C16H28N4O6(K)(H-1) 

Enantio-pyochelin 347.0495 C14H16N2O3S2(Na)(H-1) 

Ent-pyochelin 347.0495 C14H16N2O3S2(Na)(H-1) 

Pyochelin 347.0495 C14H16N2O3S2(Na)(H-1) 

Serratiochelin 438.1272 C20H21N3O7(Na)(H-1) 

m-Anisic acid 369.0945 C18H18O7(Na)(H-1) 

Sterigmatocystine 347.0526 C18H12O6(Na)(H-1) 

Alcaligin 427.1799 C16H28N4O8(Na)(H-1) 

Deoxyschizokinen 427.1799 C16H28N4O8(Na)(H-1) 

Benarthin 412.1827 C17H25N5O7 

12,13-dihydroxy fumitremorgin C 412.1867 C22H25N3O5 

Cyclotryprostatine A 412.1867 C22H25N3O5 

Verruculogen TR 3 412.1867 C22H25N3O5 

Emericellin 409.2010 C25H28O5 

Acinetobactin 369.1169 C16H18N4O5(Na)(H-1) 

Fusarin Y 438.1523 C22H25NO7(Na)(H-1) 

Trypacidin 367.0788 C18H16O7(Na)(H-1) 

m-Anisic acid 347.1125 C18H18O7 

Heterobactin B 438.1983 C19H27N5O7 

Acinetobactin 347.1350 C16H18N4O5 

Sphingofungin B 412.2670 C20H39NO6(Na)(H-1) 

Terezine D 364.1422 C19H23N3O2(K)(H-1) 

6-methoxyspirotryprostatin B 394.1761 C22H23N3O4 

Rhodotorulic acid 367.1588 C14H24N4O6(Na)(H-1) 

Spirotryprostatin B 364.1656 C21H21N3O3 
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Table S3. Primers used for RT-qPCR 

pol forward GGTTTATTACAGGGACAGCAGAGA 

pol reverse ACCTGCCATCTGTTTTCCATA 

pol probe [6FAM] AAA ATT CGG TTA AGG CCA GGG GGA AAG AA[BHQ1] 

TNFα forward AACCCCGAGTGACAAGCCTGTAGC
TNFα reverse CACCACCAGCTGGTTATCTCTCAGCTC
IL-2 forward GAATGGAATTAATAATTACAAGAATC
IL-2 reverse ATGTTGTTTCAGATCCCTTTAGTTCCAGA
INFγ forward TTCAGCTCTGCATCGTTTTG
INFγ reverse CTCTTT TGGATGCTCTGGTC
CD25 forward ATCAGTGCGTCCAGGGATAC 

CD25 reverse GACGAGGCAGGAAGTCTCAC 

BAK1 forward GGTTTTCCGCAGCTACGTTTTT 

BAK1 reverse GCAGAGGTAAGGTGACCATCTC 

BAX forward CCCGAGAGGTCTTTTTCCGAG 

BAX reverse CCAGCCCATGATGGTTCTGAT 

BCL2 forward GGTGGGGTCATGTGTGTGG 

BCL2 reverse CGGTTCAGGTACTCAGTCATCC 

CASP-3 forward CATGGAAGCGAATCAATGGACT 

CASP-3 reverse CTGTACCAGACCGAGATGTCA 

AKT1 forward AGCGACGTGGCTATTGTGAAG 

AKT1 reverse GCCATCATTCTTGAGGAGGAAGT 

NRF2 forward TCAGCGACGGAAAGAGTATGA
NRF2 reverse CCACTGGTTTCTGACTGGATGT
FOXO3a forward CGGACAAACGGCTCACTCT 

FOXO3a reverse GGACCCGCATGAATCGACTAT 

KEAP1 forward GAGTGGCGAATGATCACAGCA
KEAP1 reverse TAGCCTCCAAGGACGTAGATTCTC
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Summary and general discussion 

It is estimated that currently around 36.9 million people worldwide are living with HIV/AIDS. Only 

59% of these individuals receive some form of antiretroviral therapy. Additionally, it is estimated 

that only 75% of people living with HIV globally are aware of their HIV status, meaning that 

around 9 million people are unknowingly living with the virus (as of 2017). Modern antiretroviral 

therapies, termed combinatorial antiretroviral treatment (cART) while being extremely efficient 

in suppressing the virus, pose immense financial burden. According to the Centers for Disease 

Control and Prevention (CDC) life-long treatment of person living with HIV in United States of 

America costs $ 379 668. So far, there is one well documented case of HIV-1 eradication. Timothy 

Brown underwent two bone marrow transplants from donors with HIV-1 resistance. Additionally, 

recently two more such cases were reported (Hütter et al., 2009; Symons et al., 2014). However, 

bone marrow transplantation, aside from being a very invasive costly procedure poses a 

substantial risk of approximately 20-30% death (Martin et al., 2010), and is the last resort for 

cancer patients. Bone marrow transplantation is thus not a viable general strategy for cure for 

the millions of people living with HIV. Therefore, it is of great importance to explore new 

pharmacological avenues for HIV cure.  

The main barrier to eradication is the latent reservoir, a very small pool of long-lived cells, 

mostly composed of resting memory CD4+ T cells that do not express the virus, even though they 

contain replication competent provirus integrated within their genome (Siliciano and Siliciano, 

2015). Since cART targets viral proteins, it cannot deplete virus in the latent reservoir. Several 

approaches for HIV cure have been proposed (Stoszko et al., 2019). Currently the most sought 

after is so called “shock and kill”. It is believed that strong and specific latency reversal will make 

latent cells vulnerable to the immune clearance, which could be further enforced by HIV-targeted 

immunotherapies. Spread of the infection would be prevented by the presence of cART. Such 

approach would result in eradication of the HIV-1, where no replication competent virus remains 

in the body, so called sterilizing cure. Another approach that is recently gaining attention is so 

called “block and lock”, where deep state of latency could be achieved so that people living with 

HIV will not need daily cART, concomitant with undetectable viremia. This approach would result 
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in a functional cure, where the pro-virus still lingers in the body but its low levels are controlled 

by the host. Additionally, some researchers propose combining these two strategies. First, “shock 

and kill” could be employed to eradicate cells in which latency is easily reverted, second “block 

and lock” could potentiate deep latency, rendering remaining replication competent proviruses 

non-activatable. This thesis investigates novel small molecules for inclusion in “shock and kill” 

approach. 

Chapter 1 presents broad and in-depth spectrum of molecular mechanisms that are 

governing HIV-1 latency. We introduce HIV-1 latency phenomenon and clinical picture of HIV 

epidemic. First chapter also describes available model systems to study HIV-1 latency, as well as 

intensely investigated pathways regulating HIV-1 latency. We introduce most of the important 

and interesting latency reversing agents. In the second part of the chapter we present recent 

advances in HIV-1 latency reversal field. We introduce a list of all known latency reversal agents 

with highlight of those which were or are currently under clinical investigation. We also discuss 

kill strategies for the eradication of HIV-1. Lastly, we hypothesize which approaches should be 

combined in order to achieve HIV-1 cure.  

Chapter 2 characterizes newly identified BAF inhibitors – CAPE and PYR as potent inducers 

of HIV-1 transcription. We tested a panel of 18 small molecules that were shown in murine stem 

cells to regulate the expression of BAF target genes. We showed that 3 of them reversed latency 

in cell lines model systems with limited cytotoxicity. Moreover, we showed that BAFis induced 

expression of the virus in ex-vivo infected primary CD4+ T cells and more importantly we 

observed same treatment outcome in primary CD4+ T cells isolated from aviremic persons living 

with HIV-1, the gold standard for assessing HIV-1 latency reversal potential of new drugs. We also 

showed that HIV-1 latency reversal was enhanced when those BAFis were combined with other 

classes of LRAs, such as Vorinostat (HDAC inhibitor) and Prostratin (PKC agonist). Additionally, we 

showed that BAFis prevent establishment of latency, pointing the importance of BAF complex in 

this process. Furthermore, we showed that BAFis do not activate the immune system, a toxic side 

effect of some small molecules, suggesting the possibility of a safe therapeutic toxicity profile for 

these drugs. 
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Interestingly, Megaridis et al., showed that, consistent with our data showing their 

mechanism of action as inhibitors of the HIV-repressive BAF complex, the BAFis CAPE and PYR 

behave as HIV transcriptional noise enhancers. Transcriptional noise is defined as fluctuations 

around the mean gene-expression level (Dar et al., 2014). Therefore, mechanistically BAFis do 

not activate HIV-1 transcription per se. They rather either increase mean abundance while 

conserving noise levels (CAPE) or increase transcriptional noise initiation frequency (PYR). This 

explains why we observed rather modest enhancement of HIV-1 expression in single treatments 

with CAPE or PYR, while when combined with a transcriptional activator (eg. Prostratin) we 

observed strong expression of the virus, including in HIV infected patient cells treated ex vivo. 

These results point out the importance of combinatorial use of various classes of LRAs in pursuit 

of robust reversal of the HIV-1 latency towards eradication.  

Chapter 3 describes novel and more specific BAFis based on macrolactam structure. 

These molecules were identified by screening of nearly 350 000 compounds and were further 

optimized to improve their potency, solubility and toxicity profile. These macrolactams reversed 

latency not only in cell lines and ex vivo infected primary CD4+ T cells models of latency but 

more importantly in primary CD4+ T cells isolated from aviremic persons living with HIV-1. 

Target identification experiments showed ARID1A subunit (specific component of BAF complex) 

to be the main target of these small molecules. The exact epitope of the target protein is yet to 

be unraveled, possibly with employment of protein-ligand modelling experiments in silico 

followed by more precise pull-down assays.  Mechanistically, we showed that these 

macrolactams reverse HIV-1 latency by reducing repressive nucleosome occupancy at the 5’LTR, 

which is governed by BAF complex. Importantly, macrolactams also belong to the class of 

transcriptional noise enhancers that greatly boost activity of transcriptional activators such as 

prostratin or TNFα.  Due to known protein target of these molecules, ARID1A, and specific 

mode of action, macrolactams have high potential as more clinically relevant; ARID1A targeting 

BAF inhibitors will likely have fewer pleiotropic side effects than inhibitors that target the 

catalytic domain of BAF, BRG-1, as not all BRG-1 containing BAF complexes contain ARID1A. 

Therefore, it is very compelling to further investigate and compare the mechanism by which 

BAF inhibitors modulate 
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transcriptional noise, activate HIV transcription, examining also their potential pleiotropic and 

toxic side-effects.    

Chapter 4 investigates molecular mechanism of HIV-1 latency reversal mediated by the 

small molecule MMQO (8-methoxy-6-methylquinolin-4-ol). We found that MMQO does not 

require viral transcription factor Tat for latency reversal, which makes it a very interesting 

candidate for inclusion in “shock and kill” therapies. Furthermore, by comparing transcriptomes 

of the cells treated with MMQO, JQ1 (BET inhibitor), RVX-208 (BET inhibitor), TSA (HDAC 

inhibitor) and SAHA (HDAC inhibitor) we concluded that MMQO effect mimics behavior of BET 

inhibitors. Moreover, when cells were co-treated with MMQO and SAHA we observed synergistic 

latency reversal, while MMQO co-treatment with JQ1 or OTX-015 (BET inhibitors) resulted in 

additive effect, suggesting that indeed MMQO belongs to the BET inhibitors class of LRAs. 

Further, utilizing nuclear magnetic resonance (NMR) binding studies we showed that MMQO 

binds directly to BRD4. Interestingly, using bar-coded viruses we showed that BETis, HDACis and 

PKC agonists reverse latency in different populations of cells, indicating that depending on 

integration site pro-viral latency is governed by different mechanisms. This further suggest the 

importance of combining different classes of LRAs for efficient and robust latency reversal.  

Given all above results it would be also very interesting to investigate if MMQO, similarly 

to JQ1 inhibits short isoform of BRD4 (BRD4S). Since BRD4S is responsible for recruitment of BAF 

complex to the HIV-1s promoter (Conrad et al., 2017), it would be interesting to investigate 

whether MMQO exerts dual role in latency reversal – via BRD4 inhibition and inhibition of BAF 

complex recruitment via BRD4S. In this light it would be very compelling to investigate the effect 

of cocktail of BAF inhibitors and MMQO. Mechanistically, it seems that these two classes of 

molecules would not synergize. However, since MMQO behaves as noise enhancer, cocktail of it 

with one of the BAFi (ie. Macrolactam) could boost activity of transcriptional activators (eg. 

prostratin, IAPs) much more than double treatment with BAFi + activator or BETi + activator. 

These experiments are highly compelling for further investigation.   

Chapter 5 identifies and characterizes GTX as a novel LRA that aids in transcription 

elongation, a crucial step in latency reversal (Yukl et al., 2018). GTX was identified in a screen of 

fungal growth supernatants containing plethora of secondary metabolites that were subjected 
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to orthogonal mass spectrometry coupled to latency reversal bioassays. We found that GTX 

potently reversed latency in models of latency, and more importantly in cells from aviremic HIV-

1+ participants. Moreover, we showed that combination of GTX with SAHA or CAPE (BAFi) exerts 

synergistic latency reversal in cell lines and ex-vivo infected primary CD4+ T cells models of 

latency. RNA sequencing unraveled that 4-hour treatment with GTX results in massive 

downregulation of 7SK RNA, a scaffold for 7SK snRNP complex that sequesters P-TEFb. Of note, 

sequencing also showed that treatment with GTX has relatively few primary gene targets, as less 

than 700 genes showed differential expression pattern. Furthermore, glycerol gradient 

sedimentation experiments showed that 4-hour treatment with GTX results in disassembly of the 

complex with subsequent release of P-TEFb. Importantly, we confirmed that newly released P-

TEFb retains its kinase activity and phosphorylates RNA Polymerase II. Interestingly, our in silico 

modelling exercises revealed that GTX most likely targets hydrophobic pocket of LARP7 

(structural component of the 7SK snRNP complex), which normally is responsible for binding of 

the 7SK RNA.  

Interestingly, to our best knowledge GTX seems to be one of very few molecules able to 

specifically release P-TEFb. It would be interesting to test whether GTX has also impact on other 

diseases linked to levels of this transcription factor such as cardiac hypertrophy or mixed-lineage 

leukemia. Since P-TEFb plays crucial role in general transcription, we hypothesize that GTX could 

be a useful tool in modulating transcription in artificial cellular systems. It’s also compelling to 

investigate role of GTX in transcription modulation.  

In light of noise enhancement, it is very interesting to see that two noise enhancers – 

BAFis and HDAC inhibitor SAHA when combined exert synergy in inducing transcription of HIV-1. 

It is very compelling to test whether addition of activator would result in even greater expression 

of the virus with possible significant therapeutic outcome in shock and kill therapy.  

We believe that combinations of noise enhancers with an activator could lead to great 

improvement of “shock” step of the eradication strategies. It is of high interest to yet test 

combinations of: BAFis and SAHA; BAFis and GTX; BAFis and MMQO; GTX and MMQO with a 

strong activator such as prostratin, IAPs or double TLR agonists (Ie. TLR2 and TLR7). Especially 

combinations with IAPs inhibitors and dual TLR agonists seems very compelling as these two 
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classes or drugs seems to be very specific and effective towards activation of transcription of HIV-

1 (Pache et al., 2015; Hattori et al., 2018). Combining multiple classes of LRAs seems inevitable 

as it has been shown by us and others that different integration sites of the virus dictate different 

mechanisms governing latency. Therefore, in order to broadly target pro-virus, we must employ 

broad arsenal of drugs. One must not forget that timing of co-treatments is of high importance 

as well, it has been shown by Bouchat et al., that timing between co-treatments has strong 

impact on the treatment outcome (Bouchat et al., 2016). Therefore, not only triple (or more) 

LRAs cocktail should be tested for inclusion in effective “shock” but also timing between dosing 

and order or co-treatments. 

Lastly, we believe that we have delivered broad panel of novel LRAs, with known 

mechanisms of action that should be tested in combinations also with other, already known LRAs 

(eg, HDACis, BETis, IAPis, dual TLR agonists, etc) so that we could achieve satisfactory outcome 

of “shocking” the pro-virus from hiding. It is also highly interesting to go further and test whether 

latent cells were “shocked” enough for recognition by CD8+ T cells and/or NK cells followed by 

killing of infected cells. Theoretically, it is also possible to circumvent the need of specific/strong 

immune response towards latent cells that have been “shocked” by for example addition of 

inhibitors of IAPs to so called “shocktails” could result in latency reversal with subsequent 

apoptosis of infected cells. All of these approaches seem promising and as such should be 

explored in a more thorough fashion. 

262



Samenvatting en algemene discussie 
 
 

Er wordt geschat dat er op het moment wereldwijd ongeveer 36.9 miljoen mensen met 

HIV/AIDS leven. Slechts 59% van deze individuen ontvangt enige vorm van antivirale therapie. 

Daarbovenop wordt er geschat dat slechts 75% van de mensen die wereldwijd HIV hebben zich 

bewust zijn van hun HIV status wat betekend dat ongeveer 9 miljoen mensen geïnfecteerd zijn 

met het virus (cijfers van 2017). Moderne antiretrovirale therapieën, combinatorial 

antiretroviral treatment (cART) genoemd vormen, alhoewel ze het virus zeer efficiënt 

onderdrukken, een behoorlijke financiële belasting. Volgens de Centers for Disease Control and 

Prevention (CDC) kost een levenslange behandeling van een persoon die met HIV leeft 

$379668. Tot nu toe is er een goed beschreven geval van HIV-1 genezing. Timothy Brown 

onderging twee beenmergtransplantaties van donors die HIV-1 resistent zijn. Daar bovenop zijn 

recent twee verdere gevallen gerapporteerd (Hütter et al., 2009; Symons et al., 2014). 

Beenmerg transplantatie brengt echter, los van het feit dat het een zeer invasieve en dure 

procedure is,  een substantieel risico van 20-30% op de dood  met zich mee (Martin et al., 2010), 

en is de laatste behandeling voor kanker patiënten.  Beenmergtransplantatie is dus niet een 

reële algemene strategie voor de genezing van miljoenen personen die met HIV leven. Daarom 

het van groot belang om nieuwe farmacologische wegen voor HIV-1 genezing te onderzoeken.  

 De belangrijkste barrière voor het uitroeien van het HIV virus is het latente reservoir, 

een kleine groep van lang levende cellen, die voornamelijk uit rustende geheugen CD4+  T-

cellen die het virus niet tot expressie brengen des ondanks het feit dat ze replicatie competent 

pro-virus in hun genoom geïntegreerd hebben (Siliciano and Siliciano, 2015). Omdat cART virale 

eiwitten als doel heeft kan het niet het virus in het latente reservoir verminderen. Verschillende 

aanpakken om een HIV genezing te bewerkstelligen zijn voorgesteld(Stoszko et al., 2019). Op 

het moment is de methode die het meest nagestreefd wordt de zogenaamde “shock and kill” 

aanpak. Er wordt gedacht dat een sterke en specifieke latentie omkeer latent geïnfecteerde 

cellen vatbaar maakt voor opruiming door het immuunsysteem wat verder gestimuleerd kan 

worden door doelgerichte HIV-immuuntherapieën.  Verspreiding van de infectie wordt dan 

bewerkstelligd door de aanwezigheid van cART. Zo een aanpak zou resulteren in de 

verwijdering van HIV-1, waarbij geen replicatie competent virus in het lichaam aanwezig blijft, 

een zogenaamde steriliserende genezing. Een alternatieve aanpak die recent de aandacht krijgt 
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wordt “lock and block” genoemd. Hierbij wordt een diepe staat van latentie bewerkstelligd wat 

samenhangt met on detecteerbare viremia zodat personen die met HIV leven geen dagelijkse 

cART behandeling nodig hebben. Deze aanpak zou leiden tot een functionele genezing waarbij 

het pro-virus nog steeds in het lichaam sluimert maar de lage hoeveelheid gecontroleerd wordt 

door de gastheer. Tenslotte stellen sommige wetenschappers voor om beide strategieën te 

combineren. Eerst zou “shock and kill” worden toegepast om de cellen waarin de latentie 

gemakkelijk omgekeerd zou worden op te ruimen waarna “block and lock” diepe latentie in de 

overige cellen zou bewerkstelligen zodat de overgebleven replicatie competente pro-virusen 

niet meer te activeren zijn. Dit proefschrift onderzoekt nieuwe kleine moleculen om op te 

nemen in een “shock and kill” aanpak. 

Hoofdstuk 1 beschrijft een breed en diepgaand spectrum van moleculaire 

mechanismen die HIV-1 latentie induceren. We introduceren het fenomeen latentie en het 

klinische beeld van de HIV-epidemie. Het eerste hoofdstuk beschrijft ook  de beschikbare model 

systemen om HIV-1 latentie te bestuderen als mede de intens bestudeerde routes die HIV-1 

latentie reguleren. We introduceren de meest belangrijke en interessante latentie omkeer 

middelen. In het tweede deel van het hoofdstuk presenteren we recente vooruitgang in het 

HIV-1 latentie omkeer veld. We beschrijven een lijst van alle bekende latentie omkeer middelen 

waarbij aangegeven wordt welke op het moment onderzocht worden voor een klinische 

toepassing. We bespreken tevens de ”kill” strategieën voor de uitroeiing van HIV-1. Tenslotte 

beargumenteren we welke strategieën gecombineerd zouden moeten worden om tot een HIV-

1 genezing te komen. 

 Hoofdstuk 2 beschrijft de karakterisatie van de nieuw geïdentificeerde BAF-remmers – 

CAPE en PYR als potente induceerders van HIV-1 transcriptie. We hebben een paneel van 18 

kleine moleculen getest die in muizen stamcellen de expressie van BAF gereguleerde genen 

beïnvloede.  We laten zien dat drie van hen latentie omkeert in cellijn modelsystemen met een 

beperkte cytotoxiteit. Daarnaast laten we zien dat BAF-remmers de expressie van het virus 

induceert in ex-vivo geïnfecteerde primaire CD4+ T-cellen en nog belangrijker namen we 

hetzelfde behandelingsresultaat in primaire CD4+ T-cellen geïsoleerd uit aviremische personen 

die met HIV-1 leven wat de gouden standaard is om de HIV-1 latentie omkeer potentie van 

nieuwe middelen te bepalen. We laten ook zien dat HIV-1nlatentie omkering verhoogd wordt 

als deze BAF-remmers gecombineerd worden met andere klassen van LRAs zoals Vorinostat 

(HDAC-remmer) en Prostratin (PKC-agonist). Daarnaast laten we zien dat BAF-remmers het 
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ontstaan van latentie voorkomt wat het belang van het BAF-complex in dit proces aangeeft. 

Verder laten we zien dat BAF-remmers het immuunsysteem niet activeren, wat een toxisch bij 

effect is van sommige kleine moleculen, wat een veilig therapeutisch profiel suggereert voor 

deze middelen. 

 Interessant genoeg hebben Megaridis et al. laten zien dat overeenkomstig onze data 

het mechanisme als remmers van het HIV onderdrukkende BAF-complex, de BAF-remmers 

CAPE en PYR zich gedragen als HIV-transcriptie ruis versterkers. Transcriptie ruis wordt 

gedefinieerd als fluctuaties rond het gemiddelde genexpressie niveau (Dar et al., 2014).  BAF-

remmers activeren daarom niet HIV-1 transcriptie per se maar ze verhogen of de gemiddelde 

hoeveelheid terwijl het ruis niveau gehandhaafd blijft (CAPE) of de transcriptie ruis initiatie 

frequentie (PYR). Dit verklaart waarom we een slechts geringe verhoging van HIV-1 expressie 

waarnemen in behandeling met enkel CAPE of PYR terwijl in combinatie met een 

transcriptionele activator (bv. Prostratin) we een hoge expressie van het virus zien inclusief in 

HIV geïnfecteerde patiënt cellen die ex vivo behandeld zijn. Deze resultaten geven het belang 

aan om gebruik te maken van een combinatie van verschillende klassen LRAs in het najagen 

van een robuuste omkering van HIV-1 latentie. 

 Hoofdstuk 3 beschrijft nieuwe en meer specifieke BAF-remmers die gebaseerd zijn op 

de macrolactam structuur. Deze moleculen werden geïdentificeerd door bijna 350000 

moleculen te screenen en werden verder geoptimaliseerd om hun te potentie, oplosbarheid 

en hun toxologische profiel te verbeteren. Deze macrolactams keerden latentie niet alleen om 

in cellijn en ex vivo geïnfecteerde primaire CD4+ T-cel modellen maar van meer belang ook in 

primaire CD4+ T-cellen geïsoleerd uit aviremische personen die met HIV-1 leven. Experimenten 

gericht op het identificeren van de doelwitten toonden aan dat de ARID1A sub unit (een 

specifieke component van het BAF-complex) het belangrijkste doel van deze kleine moleculen 

is. Het exacte epitoop van het doel eiwit moet nog ontrafeld worden, mogelijk via het 

toepassen van in silico eiwit-ligand modelleer experimenten gevolgd door meer precieze pull-

down experimenten. Mechanistisch laten we zien dat deze macrolactams HIV-1 latentie 

omkeren door repressieve nucleosoom bezetting op de 5’ LTR te verminderen dat door het 

BAF-complex in stand gehouden wordt. Van belang is dat macrolactams ook behoren tot de 

klasse van transcriptionele ruis verhogers die de activiteit van transcriptionele activators zoals 

Prostratin of TNF aanzienlijk verhogen. Door het eiwit doel van deze moleculen, ARID1A, en 

het specifieke mechanisme hebben macrolactams een groot potentie om klinisch relevant te 
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zijn; BAF-remmer die ARID1A als doel hebben, hebben waarschijnlijk minder pleiotrofe neven 

effecten dan remmers die het katalytische domein van BAF, BRG-1, als doel hebben omdat niet 

alle BRG-1 bevattende BAF-complexen ARID1A bevatten. Daarom is het aanlokkelijk het 

mechanisme waarmee BAF-remmers transcriptionele ruis moduleren en HIV-transcriptie 

activeren verder te bestuderen en vergelijken waarbij ook hun pleiotrofe en toxische neven 

effecten bekeken worden. 

 Hoofdstuk 4 bestudeert het moleculaire mechanisme van HIV-1 omkering zoals dat 

door het kleine molecuul MMQO (8-methoxy-6-methylquinolin-4-ol) gemedieerd wordt. We 

vonden dat MMQO niet de virale transcriptie factor Tat nodig heeft voor latentie omkering, 

wat het een zeer interessante kandidaat maakt om in “shock and kill” therapieën opgenomen 

te worden. Daar bovenop concludeerden wij, door het transcriptome van cellen behandeld met 

MMQO, JQ1 (BET-remmer), RVX-208 (BET-remmer), TSA (HDAC -remmer) en SAHA (HDAC-

remmer), dat het effect van MMQO hetzelfde gedrag als BET-remmers vertoont. Bovendien als 

cellen met zowel MMQO als SAHA behandeld werden observeerden we een synergistische 

latentie omkering terwijl MMQO-behandeling samen met JQ-1 of OTX-1 (BET-remmers) een 

additief effect opleverde wat suggereert dat MMQO inderdaad behoort tot de BET-remmer 

klasse van LRAs. Door gebruik te maken van nucleaire magnetische resonantie (NMR) 

bindingsstudies konden we verder laten zien dat MMQO direct aan BRD4 bindt. Interessant 

genoeg konden we door gebruik te maken van ge-barcode virussen aantonen dat BET-

remmers, HDAC-remmers en PKC-agonisten latentie omkeren in verschillende populaties van 

cellen wat suggereert dat afhankelijk van de plaats van integratie van het pro-virus latentie 

bepaald wordt door verschillende mechanismen. Dit suggereert nog meer het belang van het 

combineren van diverse klassen van LRAs voor een efficiënte en robuuste omkering van 

latentie.  

 Gegeven de bovenstaande resultaten zou het zeer interessant zijn om te onderzoeken 

of MMQO, net zoals JQ1, de korte vorm van BRD4 (BRD4S) remt. Aangezien BRD4S 

verantwoordelijk is voor het rekruten van het BAF-complex naar de HIV-1 promoter (Conrad et 

al., 2017),  zou het interessant zijn om te onderzoeken of MMQO een duale rol in latentie 

omkeer heeft -via BRD4-remming en via het tegengaan van het rekruteren van het BAF-

complex via BRD4S. In dit light wordt het ook zeer aanlokkelijk om het effect van een cocktail 

van BAF-remmers en MMQO te testen. Mechanistisch gezien lijkt het erop dat deze twee 

klassen van moleculen geen synergistisch effect zouden hebben. Echter, omdat MMQO zich 
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gedraagt als een ruis versterker, zou een cocktail of dit gecombineerd met een van de BAF-

remmers (bv Macrolactam) de activiteit van transcriptionele activators (bv Prostratin, IAPs) 

veel meer dan verdubbelen ten opzichte van behandeling met BAF-remmer + activator of BET-

remmer + activator. Deze experimenten zijn zeer aantrekkelijk voor verder onderzoek. 

 Hoofdstuk 5 identificeert en karakteriseert GTX als een nieuwe LRA dat help bij 

transcriptionele elongatie, een cruciale stap in latentie omkering (Yukl et al., 2018). Wij 

identificeerden GTX door het testen media waarin schimmels gegroeid hebben die een 

uitgebreid scala aan secondaire metabolieten bevatten die gekoppeld werden aan orthogonale 

massa spectrofotometrie gekoppeld aan latentie omkeringstesten. Wij vonden dat GTX de 

latentie zeer potent omkeert in latentie modellen en nog belangrijker in cellen van aviremische 

HIV-1+ deelnemers. Daarbovenop laten we zien dat een combinatie van GTX met SAHA of CAPE 

(BAF-remmers) een synergistisch effect heeft in cellijnen en ex-vivo geïnfecteerde primaire 

CD4+ T-cel modellen van latentie. RNA-sequencen liet zien dat een 4 uur behandeling met GTX 

leidde tot een immense afname van het 7SK RNA, een geraamte voor het 7SK snRNP complex 

dat P-TEFb bindt. Noot waardig is dat behandeling relatief weinig primaire gen doelen heeft 

omdat minder dan 700 genen een afwijkend expressie patroon hadden. Bovendien toonden 

glycerol gradiënt sedimentatie experimenten aan dat een 4 uur behandeling met GTX resulteert 

in het uiteenvallen van het complex en een daar op volgende bevrijding van P-TEFb. Van belang 

is dat we bevestigen dat het vrijgelaten p-TEFb zijn kinase activiteit behoud en RNA II 

polymerase fosforileert. Interessant is dat onze in-silico modellering aantonen dat GTX zeer 

waarschijnlijk bindt aan de hydrofobe holte van LARP7 (een structurele component van het 7SK 

complex), welke normalerwijze verantwoordelijk is voor het binden van het 7SK RNA. 

 Interessant is dat, naar ons beste weten, GTX een van de weinige moleculen is die 

specifiek p-TEFb uit het complex kunnen vrijmaken. Het zou interessant zijn om te testen of 

GTX ook een effect heeft op andere ziekten die in verband worden gebracht met de 

hoeveelheid van deze transcriptiefactor zoals cardiac hypertrophy of mixed-lineage leukemia. 

Omdat P-TEFb een cruciale rol speelt in algemene transcriptie, veronderstellen wij dat GTX een 

handig stuk gereedschap kan zijn om transcriptie te moduleren in artificiële cel systemen. Het 

is ook aanlokkelijk om de rol van GTX in transcriptie modulatie te onderzoeken. 

 Wat betreft ruis versterking is het erg interessant om te zien dat twee ruis versterkers 

– BAF-remmers en de HDAC-remmer SAHA als ze gecombineerd worden een synergistisch 

effect op de inductie van HIV-1 transcriptie hebben. Het is zeer aanlokkelijk om te testen of 
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toevoeging van een activator zou resulteren in een nog grotere expressie van het virus met een 

potentieel significante therapeutische rol in “shock and kill” therapie. 

 Wij geloven dat combinaties van ruis versterkers met een activator kan leiden tot een 

grote verbetering in de “shock” stap van de HIV uitroei strategieën. Het is zeer interessant om 

de volgende combinaties te testen: BAF-remmers en SAHA; BAF-remmers en GTX; BAF-

remmers en MMQO; GTX en MMQO samen met een sterke activator zoals Prostratin, IAPs of 

dubbele TLR-agonisten (bv TLR2 en TLR7). Vooral combinaties van IAPs-remmers en duale TLR-

agonisten zijn zeer aantrekkelijk omdat deze twee klassen erg specifiek en effectief lijken te zijn 

met betrekking tot de activatie van HIV-1 transcriptie (Pache et al., 2015; Hattori et al., 2018). 

Het combineren van meerdere klassen LRAs lijkt onontkoombaar omdat zowel wij als anderen 

hebben aangetoond dat verschillende integratie plekken van het virus een verschillend 

mechanismen hebben dat latentie bepaald. Daarom om het pro-virus breed aan te pakken 

hebben we een breed scala aan medicijnen nodig. Men moet niet vergeten dat de timing van 

gecombineerde behandelingen ook van groot belang is, Bouchat et al. hebben laten zien dat 

de timing van  gecombineerde behandelingen een sterke impact heeft op het resultaat van de 

behandeling (Bouchat et al., 2016). Daarom moeten niet alleen drievoudige (of meer) LRAs 

cocktails getest worden om in een effectieve “shock” maar ook de timing tussen de doseringen 

en de volgorde van de gecombineerde behandelingen. 

 Tot slot, geloven we dat we een breed paneel van nieuwe LRAs aangeleverd hebben die 

bekende mechanismen van werking hebben die getest moeten worden in combinatie met 

andere bekende LRAs (bv HDAC-remmers, BET-remmers, IAP-remmers, duale TLR-agonisten 

etc) zodat we een bevredigend resultaat verkrijgen om het pro-virus uit zijn schuilplaats te 

“shocken”. Het is ook zeer interessant om verder te gaan en om te testen of latente cellen 

genoeg “geshocked” zijn om door CD8+ T-cellen en/of NK-cellen herkend en gedood te worden. 

Theoretisch is het mogelijk om de noodzaak van een specifieke/sterke immuunrespons tegen 

de “geshockte” latente cellen te omzeilen door bijvoorbeeld remmers van IAPs toe te voegen 

aan zogenaamde “Shocktails” wat zou kunnen resulteren in latentie omkering met vervolgens 

de inductie van celdood dmv apoptosis van de geïnfecteerde cellen. Elk van deze aanpakken 

lijken veel belovend en zouden daarom verder uitgebreid onderzocht moeten worden. 
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