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AIM OF THIS THESIS 

Significant advances have been made in the identification and 

characterization of regulatory mechanisms that play a role in the 

maintenance, establishment, and resolution of HIV-1 latency. Although 

this has led to a growing list of molecular factors and cellular pathways 

that determine viral latency, this list is far from complete, halting the 

development of successful latency reversal strategies. As a first step 

toward an HIV-1 cure strategy, re-activation of the latent HIV-1 cellular 

reservoir is considered to be crucial to promote its elimination. 

 

This thesis aims to gain a better understanding of the cellular 

pathways and molecular mechanisms contributing to HIV-1 latency: a 

critical prerequisite for the successful development of novel therapeutic 

interventions for latency re-activation.  

In the experimental chapters presented in this thesis (Chapter 2, 

Chapter 3, and Chapter 4) we set out to develop three different discovery 

tools that aim to identify, in an unbiased way, novel cellular pathways and 

molecular effectors, required for HIV-1 latency. Each of these chapters has 

led to the discovery of previously unknown mechanisms of latency and 

resulted in the identification of novel small molecule inhibitors with 

latency reversal properties.  

 

The general introduction to this thesis (Chapter 1) (Ne, Palstra, 

and Mahmoudi 2018) offers a detailed review of the chromatin and 

transcriptional regulation of HIV-1 expression, highlighting some key 

determinants of latency. Much of the research described in this chapter 

relies on the identification and characterization of sequence-specific 

transcription factors (TFs) whose consensus binding sites are present 

within the 5’LTR. This candidate approach has led to the identification of 

a plethora of cellular pathways, their transcriptional effectors, and 

associated cofactors, whose activity can then be modulated to induce 

chromatin de-repression of the HIV-1 promoter region and favor RNA Pol 

II-mediated transcriptional initiation.  

However, due to the complex nature of viral latency, the 

pharmacological interventions developed so far to disrupt latency present 

some limitations. It has been shown that current latency reversal agents 
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(LRAs) are incapable to achieve robust latency reversal in a significant 

portion of latently infected cells (Battivelli et al. 2018), have limited 

capacity to induce viral protein expression (Grau-Expósito et al. 2017; 

2019), and have failed to significantly reduce the size of the latent reservoir 

in patients (Kim, Anderson, and Lewin 2018). Additionally, current 

interventions target cellular pathways and factors with broad functions and 

are therefore prone to non-specific and toxic side effects.  

 

We believe that a thorough understanding of the molecular 

effectors and cellular pathways that regulate HIV-1 gene expression is 

critical to the development of a more specific combination of therapeutics, 

that can achieve a potent and robust latency reversal. However, due to 

technical limitations, comprehensive and unbiased identification of the 

molecular determinants and cellular pathways of latency has remained a 

long-term endeavor.  

 

In Chapter 2 (Ne et al. 2021) of this thesis, we set out to establish 

a locus-specific proteomic strategy to identify, in an unbiased way, host 

proteins physically associated with the latent and active integrated proviral 

promoter. We designed a reverse chromatin immunoprecipitation strategy 

(reverse-ChIP) that makes use of a nuclease deficient and multiple 

epitopes tagged Cas9 bait (HA-V5-FLAG-dCas9) to purify the region of 

interest. Next to an affinity-based capture of the dCas9 bait, we introduced 

a histone enrichment step in the purification pipeline that enables specific 

enrichment of the chromatin-bound fraction of the dCas9 associated 

complexes, allows reduced sample complexity, and increases the 

sensitivity of the mass spectrometry detection. Importantly, this work 

resulted in the establishment of a locus-specific proteomic purification 

pipeline that we named “dCas9 targeted chromatin and histone enrichment 

for mass spectrometry’’ (Catchet-MS), which can be of great interest in 

the field of chromatin regulation. Catchet-MS is a novel and versatile 

technique easily applicable and scalable to study the chromatin 

composition of other single genomic loci in live cells, without the need to 

modify the region of interest.  

Catchet-MS resulted in the identification of multiple novel (and 

several previously characterized) host factors, physically associated with 
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the latent and active HIV-1 promoter and represent an invaluable resource 

of putative molecular targets not only for latency reversal strategies but 

also for complementary strategies aiming at boosting viral expression or 

latency promoting strategies, further discussed in Chapter 5 (Stoszko et 

al. 2019).  

Here we show that IKZF1, one factor identified using Catchet-MS, 

is a novel HIV-1 5’LTR bound transcriptional repressor required for the 

recruitment of the Polycomb repressive complex 2 (PRC2) to the region, 

and the establishment of a repressive chromatin environment characterized 

by the H3K27me3 mark. The chromatin mark is then read by PRC1 

members such as CBX8, in an IKZF1 dependent manner. Of therapeutic 

interest, we also show that the thalidomide-derived drug iberdomide, by 

targeting IKZF1 for CBRN mediated degradation, can revert latency in ex 

vivo HIV-1 infected primary CD4+ T cells and cells isolated from cART 

suppressed, HIV-1 infected participants.   

 

In Chapter 3 (Roling et al. 2021) we present an alternative and 

unique approach by which, using a two-color insertional mutagenesis 

screening in pseudo-haploid KBM7 cells, we were able to identify 

previously unknown genes whose disruption leads to upregulation of HIV-

1 expression.  Forward genetics in mammalian cells is normally hampered 

by the fact that in diploid cells, mutagenesis often produces heterozygous 

knockout cells which may not necessarily show a phenotype, resulting in 

false negatives. The KBM7 cell line used in this study, derived from 

chronic myelogenous leukemia, is near-haploid for most of its 

chromosomes and has given us the unique opportunity of conducting 

forward genetics, for non-essential genes, in mammalian cells. As a 

cellular platform for the screening, we generated a latently infected KBM7 

cell line (Hap-Lat) harboring an integrated transcriptionally silent HIV-1 

5’LTR that controls expression of a GFP reporter gene. Hap-Lat cells were 

then subjected to gene trap (GT) insertional mutagenesis using an mCherry 

reporter GT virus. Upon mutagenesis, Hap-Lat cells expressing GFP as a 

reporter of HIV-1 reactivation, and mCherry, confirming the presence of 

a GT virus, were then selected by multiple rounds of fluorescence 

activated cell sorting (FACS) and subjected to NGS mapping of the 

integration sites. The advantage of using this system is that identification 
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of the candidate targets does not require a-priori knowledge of the 

molecular determinants of latency and it is completely unbiased. 

Additionally, being a genetic screen, gene-trap insertional mutagenesis has 

allowed us to identify previously unappreciated genes and cellular 

pathways of latency that modulate latency indirectly, through genetic 

interaction, rather than physical association, with the HIV-1 promoter.  

In this study we have first identified a list of 69 candidate gene of 

which we could confirm 10 to be required for HIV latency in different 

cellular models of latency, thus representing an important resource for 

future studies. Importantly, for three of the novel candidates identified we 

tested different small molecule inhibitors. We found Topiramate, inhibitor 

of the glutamate ionotropic receptor kainate type subunit 5 (GRIK5) to 

have potential clinical relevance. Among the factors identified we also 

identified CHD9 to be a 5’LTR bound chromatin-associated factor that is 

removed upon viral reactivation in cellular models of latency. 

In Chapter 4 we present a cell-based drug screening approach that 

has also led to the identification of a novel LRA, for which we then 

determined the molecular target. While in Chapters 2 and 3 the goal was 

to expand the known repertoire of molecular determinants of latency, to 

be used as potential targets for novel HIV-1 latency reversal strategies. 

Here, without any a priori knowledge of the targeted molecular effector, 

we screened a library of growth supernatants from selected fungal species 

in search of novel compounds capable of reversing HIV-1 latency. Having 

identified the candidate LRA, we then reverse-engineered the procedure 

to identify its molecular target. 

 As a cellular readout for the screening, we used latent HIV-1 

infected J-Lat 11.1 and A2 cells harboring GFP as a reporter for LTR 

activity. We identified the supernatant from the species Aspergillus 

Fumigatus to display latency reversal activity. Coupling our bioassay to 

orthogonal mass spectrometry (MS) and fractionation of the Aspergillus 

Fumigatus growth supernatant, we identified Gliotoxin (GTX), as a novel 

candidate LRA. Experiments on primary cells subsequently confirmed that 

GTX is a novel LRA capable of inducing HIV-1 activation in ex vivo 

infected CD4+ T cells and cells isolated from cART suppressed HIV-1 

infected participants, with limited toxicity. We then used transcriptome 

analysis, biochemical assays, and molecular modeling to unravel the 
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molecular mechanism of GTX mediated HIV-1 induction.  

Our data support a model in which, GTX targets the LARP7 

component of the 7SK snRNP complex, which sequesters P-TEFb and 

disrupts it, causing the release of P-TEFb. This results in enhanced 

availability of the free or active P-TEFb fraction, which then is recruited 

by the Tat-TAR axis to phosphorylate RNA pol II in its C-terminal domain 

(CTD). Phosphorylation of RNA pol II in its CTD stabilizes transcriptional 

elongation and leads to an increased rate of productive HIV-1 

transcription.  

 

In Chapter 5, we present the state-of-the-art therapeutic 

interventions available to attack, mobilize, and even permanently silence 

a reservoir of HIV-1 latently infected cells that has proven to be strenuous 

and very persistent in infected individuals. Importantly, this review also 

offers new perspectives on HIV-1 cure strategies.  

Emerging evidence shows that while much of the past research efforts 

have focused on modulating the chromatin regulation and transcriptional 

activity at the HIV-1 5’LTR, co-transcriptional and post-transcriptional 

processes are also crucial determinants of latency (Yukl et al. 2018). 

Research efforts to ameliorate latency reversal strategies should likely 

further investigate and exploit these regulatory steps. Additionally, while 

research thus far has mainly focused on reactivation from latency, little has 

been done to identify interventions capable of promoting apoptosis and 

clearance of the infected cells. Emerging interventions going into this 

direction are explored in this chapter and further addressed in the general 

discussion of the thesis. 

 The different pipelines of interventions described in this chapter, 

due to the complexity of the reservoir, are not necessarily mutually 

exclusive and may need to be examined in a patient-specific context to 

identify personalized treatments or a robust treatment that can overrule 

individual variability. An attractive possibility is to combine some of the 

interventions mentioned in this chapter with immune-boosting strategies 

that can promote control or full clearance of the reservoir. 

 

In the general discussion of the thesis (Chapter 6) we cover the 

strengths and limitations of the research tools used, offering potential 
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improvements. We then review our findings and put them in a broader 

context, examining the implications and future directions in the 

development of unbiased screens for the identification of molecular targets 

and putative latency reversal agents. Lastly, we thoroughly discuss the 

limitations of latency reversal followed by elimination of the latent HIV-1 

reservoir, propose a revision to the strategy, and discuss the opportunities 

for the development of combinatory interventions towards an HIV-1 cure.  
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Summary  

 

A major pharmacological strategy toward HIV cure aims to reverse 

latency in infected cells as a first step leading to their elimination. While 

the unbiased identification of molecular targets physically associated with 

the latent HIV-1 provirus would be highly valuable to unravel the 

molecular correlates of HIV-1 transcriptional repression and latency 

reversal, due to technical limitations, this has not been possible. Here we 

use dCas9 targeted chromatin and histone enrichment strategy coupled to 

mass spectrometry (Catchet-MS) to isolate the latent and activated HIV-1 

5'LTR, followed by MS identification of the differentially locus-bound 

proteins. Catchet-MS identified known and novel latent 5’LTR-associated 

host factors. Among these, IKZF1 is a novel HIV-1 transcriptional 

repressor, required for Polycomb Repressive Complex 2 recruitment to the 

LTR. We find the drug iberdomide, which targets IKZF1 for degradation, 

to be a clinically advanced novel LRA that reverses HIV-1 latency in 

CD4+T-cells isolated from virally suppressed HIV-1 infected participants. 

 

 

  

74



 

INTRODUCTION 

 

Combination antiretroviral therapy (cART) effectively halts HIV 

replication and has significantly reduced AIDS-associated mortality. 

However, cART is not curative, it has side effects, and apart from the costs 

of lifelong therapy, the global roll-out of cART, particularly in resource-

limited countries, remains an ongoing challenge (UNAIDS fact sheet 

2019). HIV persists because subsequent to stable integration into the 

CD4+ T cell host genome, the provirus can remain in a nonproductive 

latent state, defined by the absence of HIV-1 gene expression. Because of 

this reservoir of latently HIV-1 infected cells, interruption of cART leads 

to a rapid rebound of unrestricted viral replication, necessitating life-long 

treatment (Siliciano and Siliciano, 2015).  

Therapeutic strategies for HIV cure aim to eliminate, inactivate, or 

reduce the pool of latently infected cells such that the patient’s immune 

system can control viral replication upon cessation of cART. As quiescent 

memory CD4+ T cells, which constitute the main cellular reservoir of 

latent HIV infected cells, have a long half-life (Siliciano et al., 2003), 

pharmacological approaches aim to speed up the decay rate of this infected 

reservoir. One such strategy is to induce viral expression in latently 

infected cells using latency reversal agents (LRAs) to increase the viral 

transcriptional output and viral protein production, rendering the infected 

cell recognizable to the immune system or susceptible to viral cytopathic 

effects for elimination.  

At the molecular level, the expression of the HIV-1 genome is 

determined by the activity of the HIV-1 promoter or 5’LTR, which is 

controlled by the LTR chromatin landscape (Rafati et al., 2011), the 

engagement of sequence-specific host transcription factors (TFs) and 

associated cofactors (Ne et al., 2018; Pereira et al., 2000), the recruitment 

of RNA polymerase II (Pol II) and its efficient transcriptional elongation 

(Mousseau and Valente, 2017; Ott et al., 2011). Co-transcriptionally 

recruited host factors then mediate post-transcriptional processing of the 

nascent HIV-1 RNA template for its efficient splicing, export, and 

translation (Chun et al., 2003; Karn and Stoltzfus, 2012; Lassen et al., 

2006; Rojas-Araya et al., 2015). Host factors mediating these regulatory 

steps that control HIV-1 gene expression are thus the main targets of 
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ongoing pharmacological strategies to reverse latency (Stoszko et al., 

2019). However, due to the complex and heterogeneous nature of latency, 

the currently available LRAs are incapable of reactivating a significant 

portion of cells carrying a latent provirus (Battivelli et al., 2018), have 

limited capacity to induce viral protein expression (Grau-Exposito et al., 

2019; Grau-Exposito et al., 2017), and thus have failed to significantly 

impact the reservoir in patients (Kim et al., 2018). Additionally, LRAs 

target host molecular complexes with widespread regulatory functions and 

are therefore prone to non-specific pleiotropic effects. The identification 

of the full repertoire of regulatory factors and cofactors involved in 

silencing the latent HIV 5’LTR would be critical for a better understanding 

of the molecular determinants of proviral latency and for the development 

of a more specific and effective combination of therapeutics to deplete the 

HIV reservoir. However, due to technical limitations, unbiased proteomic 

analysis of host proteins associated with the latent or active HIV promoter, 

in infected cells, has never been conducted.  

Locus-specific strategies to identify in vivo chromatin-bound 

protein complexes, at a single genomic location, are largely based on a 

reverse chromatin immunoprecipitation (reverse-ChIP) protocol which 

relies on the introduction of an affinity bait at the chromatin region of 

interest, followed by purification of the bait and proteomic analysis of the 

protein complexes that co-purify with it (Byrum et al., 2012; Pourfarzad 

et al., 2013). A related approach, Proteomics of isolated chromatin 

fragments (PICh), uses biotinylated oligonucleotides that hybridize with 

the region of interest to specifically purify the target DNA and associated 

proteins (Dejardin and Kingston, 2009; Ide and Dejardin, 2015). With the 

introduction of CRISPR-based methods and nuclease-deficient cas9 

(dCas9) fusion constructs, reverse-ChIP strategies have become less labor-

intensive and more versatile, as introduction of an artificial consensus 

sequence for targeting of the bait to the region of interest is no longer 

required (Liu et al., 2017; Waldrip et al., 2014). Additionally, CRISPR-

dCas9 strategies can also be combined with, biotin-based, proximity 

labeling techniques, such as Bio-ID (Roux et al., 2012; Schmidtmann et 

al., 2016) and APEX enzyme fusion constructs (Myers et al., 2018),  that, 

by relying on the capture of in vivo biotin-labeled proteins, located in the 

proximity of the dCas9 construct, do not require cell crosslinking. 
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Locus-specific isolation techniques represent an enormous 

challenge in protein biochemistry and proteomics, due to the fact that, in 

each cell, the number of proteins bound at a specific regulatory region is 

exceedingly lower than the number of proteins bound to the rest of the 

genome. Consequently, the minimum amount of input required for mass 

spectrometry identification of proteins that bind to a specific genomic 

locus of interest, in a single copy, as would be the case for the integrated 

latent HIV-1 promoter, is estimated to be of at least half-a-billion cells, 

(Gauchier et al., 2020; Vermeulen and Dejardin, 2020). As our cellular 

platform to study latency harbors only one copy of the integrated HIV-1 

5’LTR per cell, in this study we used 3 billion cells per condition; thus 

representing an enormous experimental undertaking both 

in technical complexity and costs. 

While conventional reverse-ChIP approaches for locus-specific 

proteomics allow the identification of some locus-specific factors, many 

of these strategies suffer from high signal to noise ratio and low abundance 

of single loci, rendering the identification of proteins bound to the region 

of interest challenging (Byrum et al., 2012; Chalkley and Verrijzer, 2004; 

Hamperl et al., 2014; Pourfarzad et al., 2013; Tsui et al., 2018; Waldrip et 

al., 2014) (Gauchier et al., 2020).  Another caveat in locus-specific 

proteomics techniques is that there is typically a large fraction of the 

exogenously expressed bait that is present diffusely in the cells and that is 

not exclusively bound to the locus of interest. This fraction of the bait, 

which is inevitably captured during the purification pipeline, likely 

accumulates in the RNA rich nucleolar compartment, significantly 

contributing to the background signal and affecting sensitivity (Chen et al., 

2013; Ma et al., 2016). A well-established strategy for background 

elimination is subtraction from the final dataset using a robust set of 

negative controls and multiple replicates (Gauchier et al., 2020; Liu et al., 

2017). This approach effectively eliminates some background and has 

successfully led to the identification of several locus-specific proteins 

(Gauchier et al., 2020; Liu et al., 2017). We reasoned, however, that a 

biochemical strategy designed to eliminate this source of background may 

greatly improve the sensitivity of the technique and push the field forward.   

Here, we combined a CRISPR-dCas9 based reverse-ChIP 

approach with a sequential purification step, targeting histones to 

77



 

biochemically remove the unwanted background, prior to semi-

quantitative Mass Spectrometry identification; a purification pipeline we 

refer to as “dCas9 targeted chromatin and histone enrichment for mass 

spectrometry’’ (Catchet-MS). Addition of histone affinity purification as 

the last step in Catchet-MS enabled specific enrichment and identification 

of the chromatin-bound fraction of the dCas9 bait proteins bound to the 

target region, while non-localized bait complexes in the cytoplasm and 

nucleoplasm were eliminated. 

Using Catchet-MS we identify proteins preferentially associated 

with the latent or active HIV-1 promoter that represent potential key 

regulators of HIV-1 gene expression. Among these regulators, we 

demonstrate that the transcription factor IKZF1 is a novel transcriptional 

repressor of the HIV-1 promoter, required for the sequential recruitment 

of the polycomb repressive complex 2 (PRC2) and critical for maintenance 

of a repressive LTR chromatin environment which is characterized by the 

presence of the H3K27me3 chromatin mark. Additionally, we demonstrate 

that iberdomide (CC-220), a therapeutically advanced drug, which targets 

the IKZF1 protein for degradation through modulation of CRBN 

dependent ubiquitination, leads to HIV-1 latency reversal in both ex vivo 

infected primary CD4+ T cells and cells isolated from HIV-1 infected 

aviremic individuals on cART. We demonstrate that Catchet-MS provides 

a powerful approach towards enrichment and mass spec identification of 

molecular effectors bound to a single DNA locus. Our data suggest that 

modulation of IKZF1 protein expression with iberdomide, or other 

thalidomide derived drugs, represents a viable target for therapeutic 

intervention to reverse latency in context of HIV-1 cure strategies.  

 

RESULTS 

Catchet-MS, a method to isolate and identify locus-bound 

protein complexes at the latent and activated HIV-1 LTR in 

vivo  

We established a CRISPR/dCas9-based proteomics strategy to 

identify a comprehensive repertoire of protein complexes associated in 

vivo with the latent and active HIV promoter (Figure 1A-C). As a cellular 
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platform for latency we used J-Lat 11.1, a Jurkat derived T cell line, which 

harbors a single latent copy of the integrated full-length HIV-1 proviral 

genome, defective in env, and in which GFP replaces the nef coding 

sequence as a reporter for viral activation (Jordan et al., 2003) (Figure 

1A). J-Lat 11.1 cells were first modified to stably express a multiple 

epitopes (V5, HA, FLAG)-tagged dCas9 bait, and an 18 nucleotide single 

guide-RNA, targeting the hypersensitive site 2 (HS2) region of the HIV-1 

promoter, downstream of the Transcription Start Site (TSS) (Figure 1C). 

We confirmed the expression of the tagged dCas9 bait construct by 

Western blotting, using antibodies specifically recognizing dCas9 and the 

construct tags HA, V5, and FLAG (Figure 1D). We chose to target our 

dCas9 bait to the HS2 region downstream of Nuc-1, as recent evidence 

pointed to transcription elongation and RNA processing as critical steps 

involved in HIV-1 latency in vivo (Yukl et al., 2018). As a negative 

control, we generated cells expressing HA-V5-FLAG-dCas9 and a non-

targeting control gRNA (nt-gRNA). We validated HIV-1 promoter 

targeting of the gRNA (HS2-gRNA) sequence in a functional assay, by co-

transfection of J-Lat 11.1 cells together with a dCas9-VP64-p65-Rta 

(dCas9-VPR) fusion construct containing the VPR transcriptional 

activation domain. Confirming correct targeting of the dCas9-VPR 

construct to the HIV-1 promoter, co-transfection of the HS2 gRNA, but 

not the nt-gRNA, resulted in an increase in HIV-1 promoter-driven GFP 

positive cells (Supplementary Figure 1A). We additionally examined the 

specific binding of the HA-V5-FLAG-dCas9 bait at the HS2 region of the 

HIV-1 promoter in latent J-Lat 11.1 cells by ChIP-qPCR analysis using a 

V5 epitope-based IP. As shown in Figure 1E, enrichment of the HA-V5-

FLAG-dCas9 bait was observed specifically over HIV-1 LTR sequences 

spanning Nuc-1 and Nuc-2, only in the HS2-gRNA guided cells and not 

in those expressing the non-targeting control gRNA (nt-gRNA) (Figure 

1E). 

To determine the optimal HA-V5-FLAG-dCas9 bait IP enrichment 

strategy, we examined specific enrichment of the locus in ChIP-qPCR 

experiments comparing antibodies directed against the HA, V5, and FLAG 

epitopes (Supplementary Figure 1B and C). While antibodies directed 

against each tag resulted in efficient and specific enrichment of the 

targeted HIV-1 DNA region, we chose to use anti V5 affinity beads 
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targeting the V5 epitope as the first step in the large-scale locus enrichment 

strategy as it demonstrated both optimal purification yield as well as the 

highest signal to noise ratio (Supplementary Figure 1C). To ensure that 

targeting of the HA-V5-FLAG-dCas9 bait downstream of the HIV-1 

promoter would not interfere functionally with viral reactivation, we 

examined LTR activity in the latent and PMA activated HA-V5-FLAG-

dCas9 HS2-gRNA guided J-Lat 11.1 cells. As shown by Flow cytometry 

and fluorescence microscopy, J-Lat 11.1 cells or those harboring HS2-

gRNA guided or non-targeted HA-V5-FLAG-dCas9 bait displayed low 

basal GFP expression and a similar increase in GFP positive cells in 

response to PMA treatment (Figure 1F and Supplementary Figure 1D). 

Thus, the targeted dCas9 bait does not interfere with the maintenance of 

latency or capacity for reactivation. From this, we infer that binding of 

5’LTR associated transcription regulatory factors bound in the repressed 

or activated states is unaltered by dCas9 targeting. We also confirmed that 

the binding capacity of the HA-V5-FLAG-dCas9 bait is not affected by 

the transcriptional state of the 5’LTR by ChIP-qPCR in latent and PMA 

stimulated cells (Figure 1G); HA-V5-FLAG-dCas9 was similarly 

enriched over the sequences spanning LTR Nuc-1 and Nuc-2 in both the 

transcriptionally repressed and active states, confirming that the 

established platform is suitable for purification of the locus. 

The large number of non-localized bait molecules (e.g. dCas9) 

present a caveat in reverse-ChIP approaches for single locus chromatin 

proteomics, as they are also captured through the purification pipeline, 

thus preventing reliable identification of the locus associated bait 

interactome within the background signal from purified unspecific 

complexes. It has been shown that Cas9 molecules, when non-efficiently 

guided are diffusely present in the nucleus and tend to accumulate in the 

RNA-rich nucleolar compartment (Chen et al., 2013; Ma et al., 2016). In 

our experimental system, cell fractionation followed by western blotting 

demonstrated a large fraction of the HA-V5-FLAG-dCas9 bait molecules 

to be present in the cytoplasmic fraction, despite the presence of a nuclear 

localization sequence (NLS) within the bait construct (Figure 2A, 2B). To 

obtain a purer chromatin fraction, we modified our in-house ChIP protocol 

to include 10 cycles of low-efficiency sonication after nuclear isolation 

followed by denaturation in the presence of strong denaturing buffers 
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(adapted from Chromatin enrichment for proteomics protocol (CheP) 

(Kustatscher et al., 2014). We named the modified protocol Chromatin 

enrichment for immunoprecipitation (CheIP). Mass spectrometry analysis 

of individual steps of our purification pipeline demonstrated progressive 

removal of membrane, cytoplasmic and organelle associated proteins as 

well as, in part, non-chromatin bound nuclear proteins by CheIP, resulting 

in the enrichment of chromatin and associated proteins within the insoluble 

nuclear material (Supplementary Figure 2A, 2B). While this biochemical 

procedure enables a more stringent purification of the chromatin fraction, 

a substantial amount of non-chromatin associated dCas9 bait complexes 

remain within the precipitated chromatin fraction, presenting substantial 

background. 

To improve the specificity of the purification, we took advantage 

of the fact that what distinguishes cross-linked chromatin-associated 

complexes from non-chromatin associated complexes is the presence of 

histones within the complex. Therefore we introduced a histone 

enrichment step into our purification pipeline; given the high abundance 

of histones within the purified chromatin fraction, we opted to perform 

histone affinity purification following the V5 epitope-based purification of 

the HA-V5-FLAG-dCas9 bait-containing cross-linked complexes (Figure 

2C), thus eliminating the need for large amounts of histone antibodies. We 

tested this pipeline in a sequential (V5/histone) ChIP experiment, followed 

by qPCR and western blotting. As shown in Figure 2D (top panel), ChIP, 

using anti V5 affinity beads efficiently enriched for the HIV-1 promoter 

region targeted by the HA-V5-FLAG-dCas9. Western blotting of the ChIP 

decrosslinked eluate confirmed efficient bait recovery by 

immunoprecipitation Supplementary Figure 3A. The second sequential 

immunoprecipitation, using anti H3- anti H2B antibodies conjugated 

beads, while retaining the HIV-1 target locus of interest (Figure 2D) 

(bottom panel), results in a concomitant loss of HA-V5-FLAG-dCas9 bait 

at the protein level (Supplementary Figure 3A). Relative abundance of 

histone proteins is reduced during the V5 enrichment step while, as 

expected, they are retained after the histone H3/H2B enrichment step 

(Supplementary Figure 3B).   

The specificity of the guided dCas9 is a critical point for locus 

purification. We, therefore, performed ChIP-sequencing experiments to 
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comprehensively investigate the locus specificity of our bait, which is 

guided and predicted to specifically bind to the integrated HIV-1 5’LTR. 

ChIP-sequencing was performed using the sequentially purified 

chromatin, first immunoprecipitated using V5 affinity beads, eluted and 

re-immunoprecipitated using Histone H3-H2B affinity purification. Both 

in ChIP-seq  (Figure 2 E) and its confirmation by ChIP qPCR (Figure 2F) 

we observe a strong enrichment on the HIV-1 5’ LTR while enrichment at 

human chromosomes, aside from centromeric artifacts common to ChIP-

seq and a few minor off-target peaks (Supplementary Table 1), is low. 

Next, we specifically monitored the recovery of the top potential dCas9 

off-target binding sites as predicted for the HS2 gRNA sequence (5’-

GAAGCGCGCACGGCAAG-3’) by the online tool 

http://www.rgenome.net/cas-offinder/. The top predicted off-target, 

located at chr1:42,957,793 , allows 2 mismatches in the sequence, while 

all subsequent off-targed locations predicted allow 3 or more mismatches 

in the sequence. Zooming in on these predicted off-target regions in the 

ChIP-seq data (Figure 2E, G) and by ChIP qPCR (Figure 2F) 

demonstrated the absence of traceable peaks or any substantial PCR signal 

for these chromosomal loci. Our results demonstrate a highly specific 

enrichment of the targeted HIV-1 5’LTR at the DNA level, whose protein 

content was subjected to mass spectrometry, within the Catchet-MS 

pipeline. 

 

Cachet-MS identifies known and novel host factors associated 

with the latent and active HIV-1 promoter 

We scaled up the Catchet-MS workflow (Figure 2C), to 

approximately 3 billion cells as starting material in the unstimulated and 

PMA stimulated conditions to model J-Lat 11.1 HIV-1 latency and 

activation. Figure 3A presents a heatmap of the mass spectrometry 

analysis performed at different steps of the Catchet-MS purification 

pipeline. To assess sample complexity prior to bait enrichment, 1% of the 

input chromatin material, prepared using the optimized CheIP protocol in 

both latent and activated states, was analyzed by mass spectrometry. As 

shown in Figure 3A the corresponding lanes in the heatmap show high 

sample complexity, characterized by a large number of high protein 
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intensity values. The samples are enriched for nuclear and chromatin-

associated proteins but also contain numerous cellular contaminants, 

resulting from carryover precipitation of insoluble, non-chromatin 

associated complexes (deposited Supplementary raw data). As expected, 

the abundance of the HA-V5-FLAG-dCas9 bait is low, in these input 

samples (Figure 3B and C). By contrast, the assessment of sample 

complexity following the anti-V5 affinity purification step shows efficient 

enrichment for the HA-V5-FLAG-dCas9 bait-containing complexes. This 

stage of the purification, shown in the third and fourth lanes of Figure 3A, 

results in a marked reduction in sample complexity caused by the 

elimination of protein complexes that do not contain the HA-V5-FLAG-

dCas9 bait concomitant with high enrichment of the HA-V5-FLAG-dCas9 

bait (Figure 3B and C). Finally, re-immunoprecipitation using Histone 

H2B and H3 conjugated affinity beads leads to a clear difference in protein 

abundances between the unstimulated and PMA stimulated samples, as 

shown in the last two lanes of Figure 3A. Concomitantly, at this stage, we 

observe a loss in HA-V5-FLAG-dCas9 as well as, presumably, the 

corresponding bait-associated complexes not associated with histones 

(Figure 3B). As expected, given the known accumulation of non-locus 

bound Cas9 at the RNA-rich nucleolar compartment (Chen et al., 2013; 

Ma et al., 2016), V5 affinity purification resulted in an increase in the 

number of nucleolar proteins detected, followed by their loss following the 

subsequent histone affinity purification step (Supplementary Figure 3C).  

Analysis of the MS data from the final locus enrichment step 

resulted in a list of 678 proteins, identified with high confidence, Mascot 

score > 100. We then applied two stringent and unbiased selection criteria, 

Illustrated in Figure 3D, to narrow down the list of candidates by 

removing potential contaminants. First, we filtered out frequent 

contaminants using the Crapome database https://www.crapome.org/, a 

comprehensive database of contaminants commonly present in affinity 

purification coupled to mass spectrometry (AP-MS) experiments. As a 

second filter, we applied a GO cellular compartment and function analysis 

(GO-terms nucleus, chromatin-associated, histones bound, bound to 

transcription factors, DNA associated, or RNA associated) to include only 

nuclear proteins in our further analysis. Applying these criteria, we 

compiled a stringent list (n=38) of proteins predominantly associated with 
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the HIV-1 promoter in the latent state (Figure 3E and F), a list (n=122) 

of common proteins, including the dCas9 bait and potential contaminants, 

found to associate with the HIV-1 5’LTR under both conditions (Figure 

3E and Supplementary Table 2), and a list (n=84) of factors 

predominantly associated with the activated HIV-1 promoter following 

treatment with PMA (Figure 3E and Supplementary Table 3).  

Previously, it was reported that the latent provirus associates with the 

nuclear periphery (Dieudonne et al., 2009). Therefore, we re-analyzed our 

unfiltered data and selected the hits belonging to the “nuclear periphery” 

GO category (GO:0034399), which includes the subcategories “nuclear 

matrix” and “nuclear lamina” and indeed find Lamin B1 (LMNB1) among 

other nuclear body proteins to be more predominantly associated with the 

latent state (Supplementary Figure 4). 

 

Functional validation of proteins identified to associate with 

the latent promoter 

In search of putative molecular targets for therapeutic inhibition 

and HIV-1 latency reversal, we focused on the 38 proteins presented in the 

table in Figure 3F comprising factors distinctly associated with the latent 

HIV-1 LTR in vivo. Of these latent HIV-1 LTR-associated candidates, a 

significant number (n=11) were previously reported to restrict viral 

expression (Figure 3F referenced in the table) and serve as positive 

controls that validate the quality of the experimental approach, providing 

confidence towards the veracity of the candidate list. We evaluated the 

effect of shRNA mediated knockdown of a selection of the novel factors 

we identified, on the HIV-1 5’LTR-driven GFP reporter by flow cytometry 

and on the expression of HIV-1 genes Gag, pol, and Tat by RT-PCR in J-

Lat 11.1 cells (Figure 3F; Supplementary Figure 5). Depletion of a 

number of the selected candidates (n=5 out of 10), namely HP1BP3, 

IKZF1, CDC73, DKC1, and PNN, resulted in significant (p <0.05) 

upregulation of HIV-1 genes and an increase in the percentage of GFP 

positive cells (green boxes, Figure 3F and Supplementary figure 5), 

while for a small number of factors tested (N=3 out of 10), we did not 

observe a significant change in HIV-1 expression (yellow boxes, Figure 

3F) and the remaining factors were found to be essential for cell viability 
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(x mark, Figure 3F). Our data suggested that the selected n=5 candidates 

are required for repression of HIV-1 expression in J-Lat 11.1 cells.  

IKZF1 binds to the latent HIV-1 promoter and is repressive to 

HIV-1 transcription 

Catchet-MS identified the IKAROS Family Zinc Finger 1 protein 

(IKZF1) as one of the factors to be exclusively associated with the 

repressed HIV-1 promoter (Figure 3F). IKZF1, a critical factor required 

for normal T cell development that can act both as a transcriptional 

repressor and activator (Geimer Le Lay et al., 2014; Ng et al., 2009; Zhang 

et al., 2011) has been reported to regulate gene expression through its 

association with the nucleosome remodeling and deacetylase complex 

(NuRD) and the positive transcription elongation factor (P-TEFb) 

(Bottardi et al., 2015; Davis, 2011; Marke et al., 2018; Schwickert et al., 

2014; Zhang et al., 2011). Additionally, IKZF1 mediated gene silencing in 

T cells has been shown to be facilitated by its interaction with the 

Polycomb repressive complex 2 (PRC2), which promotes histone H3 

lysine 27 trimethylation, a mark of transcriptionally silent chromatin 

(Oravecz et al., 2015). Consistent with its role as a repressive factor in T 

cells, depletion of IKZF1 in our functional testing screen using 

independent shRNA clones led to the strongest reactivation of HIV-1 

expression (5 to 10 fold), as measured by the increase of GFP positive cells 

in flow cytometry and qRT-PCR for HIV-1 genes (Figure 4A-C). To 

ensure that the observed latency reversal is not subject to clonal effects in 

J-Lat 11.1 cells, we depleted IKZF1 in J-Lat A2 cells, harboring an 

integrated HIV 5’ LTR driven GFP reporter and observed similar reversal 

of HIV-1 latency (Supplementary Figure 9A).  

The IKZF family consists of several family members (Marke et al., 2018; 

Powell et al., 2019),  although IKZF1 is the only family member detected 

in our mass spectrometry data. We assessed the expression of the other 

IKZF family members in Jurkat cells (RNA sequencing (Palstra et al., 

2018)) and proceeded with shRNA mediated depletion of IKZF2 and 5, 

which are expressed in Jurkat cells (Supplementary Figure 6A). 

Depletion of IKZF2 and IKZF5 also resulted in HIV-1 latency reversal, 

although modestly compared to IKZF1 (Supplementary Figure 6B). 

These results are consistent with the lower levels of expression of IKZF2 
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and IKZF5 in T cells, compared to IKZF1, and with the well-established 

heterodimeric interactions among IKZF family members (Boutboul et al., 

2018; Mullighan et al., 2009; Sun et al., 1996). We next sought to confirm 

and examine the association of IKZF1 with the latent HIV-1 LTR. 

Downstream of the 5’LTR, at position +818/+864 we identified a putative 

IKZF binding site, which is composed of a consensus TGGGAA/T 

sequence and two extra GGGA core sites (Li et al., 2011), (Figure 4D). 

To assess IKZF1 binding at the predicted sites, we performed ChIP-qPCR 

experiments in latent and PMA treated J-Lat 11.1 cells using antibodies 

specific for IKZF1 (Figure 4E). In agreement with the Catchet-MS data, 

ChIP experiments in latent J-Lat 11.1 cells demonstrated IKZF1 

enrichment between HIV-1 HS2 and Nuc2, (Figure 4E). Importantly, 

activation of HIV-1 transcription by PMA treatment abrogated IKZF1 

binding (Figure 4E and Supplementary Figure 7A), consistent with the 

notion that IKZF1 may be important for maintenance of HIV-1 

transcriptional repression. To confirm the specificity of IKZF1 binding, 

we also performed ChIP in control J-Lat 11.1 cells, infected with a 

scramble shRNA vector (Sh Control), and in cells infected with an shRNA 

vector targeting the IKZF1 mRNA (sh IKZF1). Our data show clear 

enrichment of IKZF1 binding over its predicted binding region in the sh 

Control cell line together with a dramatic loss of binding upon shRNA 

mediated depletion in the IKZF1 depleted cells (Figure 4F and 

Supplementary Figure 8A), thus confirming the specificity of the 

antibody.  To further control for the specificity of the IKZF1 signal we 

also monitored enrichment of IKZF1 at endogenous IKZF1 targets 

previously reported to be enriched for IKZF1 binding in B cells (Song et 

al., 2016) (Supplementary Figure 8C).    

We then examined the effect of IKZF1 depletion on the chromatin state of 

the region by histone ChIP-qPCR experiments using antibodies against the 

active chromatin modification H3 lysine 4 trimethylation (H3K4me3), the 

repressive chromatin modifications H3 lysine 27 trimethylation 

(H3K27me3) and H3 lysine 9 trimethylation (H3K9me3), using the total 

histone H3 signal (Figure 4G) for normalization.  

Upon IKZF1 depletion the chromatin state is characterized by a 

drastic loss of enrichment for the H3K27me3 mark (Figure 4H; 

Supplementary Figure 8E), a moderate increase of the H3K4me3 mark 
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(Figure 4I; Supplementary Figure S8F) and a concomitant decrease in 

the repressive chromatin mark H3K9me3 (Supplementary Figure 8G). 

Similar data were obtained upon IKZF1 depletion in J-Lat A2 cells 

(Supplementary Figure 9C-G), thus confirming that the effects on 

chromatin are not subjected to clonal effects. 

We compared the histone modification profile observed, with those 

obtained in latent J-lat 11.1 cells and upon PMA stimulation 

(Supplementary Figure 7B-E). Upon treatment with PMA, the chromatin 

state is also characterized by increased H3K4me3 (Supplementary 

Figure 7C) and a concomitant decrease in the repressive chromatin marks 

H3K27me3 (Supplementary Figure S7D) and H3K9me3 

(Supplementary Figure 7E). IKZF1 depletion, however, led to a more 

prominent loss of enrichment for the H3K27me3 mark (Figure 4H).  

In T cells, IKZF1 is necessary for mediating gene silencing through 

the recruitment of the Polycomb repressive complex 2 (PRC2) and the 

deposition of the H3K27me3 mark (Oravecz et al., 2015). Interestingly, 

our Catchet-MS experiment identified SUZ12, a core subunit of the PRC2 

complex, and CBX8, a subunit of the Polycomb repressive complex 1 

(PRC1) that acts as a reader of the H3K27me3 modification (Bracken et 

al., 2006; Malik and Hemenway, 2013; Vidal and Starowicz, 2017) to be 

also associated with the HIV-1 5’LTR in its latent state. We therefore 

conducted ChIP experiments for probing the IKZF-1 mediated binding of 

SUZ12 to the region to verify the hypothesis that IKZF1 may be necessary 

for recruitment of PRC2 complex to the HIV-1 5’LTR. We additionally 

examined the recruitment of CBX8 to check whether, the reduction in 

H3K27me3 mark deposition observed in absence of IKZF1, affects CBX8 

binding. Consistent with this hypothesis, our data shows that depletion of 

IKZF1 leads to reduced enrichment of SUZ12 (Figure 4J and 

Supplementary Figure 8B) and CBX8 (Figure 4K) over the HS2 5’LTR 

region. Importantly, as shown by western blotting, depletion of IKZF1 

does not lead to decreased levels of expression of SUZ12 and CBX8, 

suggesting that the effects observed are exclusively consequence of the 

absence of IKZF1 recruitment to the region (Figure 4L). 

Targeting IKZF1 by iberdomide treatment reverses HIV-1 

latency in ex vivo infected primary CD4+ T cells without 
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significant effects on effector function, inducing T cell 

activation, or toxicity,  

Iberdomide (CC-220) and other thalidomide-derived, 

immunomodulatory drugs (IMIDs), have been shown to cause selective 

ubiquitination and degradation of IKZF1 and its related family member 

IKZF3 (Kronke et al., 2014; Schafer et al., 2018). Thalidomide and its 

analogs, lenalidomide, and pomalidomide, are FDA approved drugs 

employed in the treatment for multiple myeloma (MM) leading to 

improved patient survival rates. The mechanism of action for IMIDs 

activity lies in their affinity for cereblon (CRBN) which is part of the 

cullin-ring finger ligase-4 cereblon (CRL4CRBN) E3 ubiquitin ligase 

complex. Other members of the complex include cullin 4A (CUL4A), the 

DNA damage binding protein 1 (DDB1) and regulator of cullin 1 (ROC1). 

Iberdomide is a novel compound with higher affinity for CRBN and 

currently under clinical development for the treatment of systemic lupus 

erythematosus (SLE) and relapsed/refractory multiple myeloma (RRMM). 

Binding of iberdomide to CRBN modulates the E3 ubiquitin ligase activity 

of the complex, increasing its affinity for IKZF1 and IKZF3, and leads to 

their ubiquitination and proteasome-dependent degradation. We, 

therefore, set out to establish if iberdomide treatment in latent HIV-1 

infected cells would induce degradation of IKZF1 and lead to HIV-1 

latency reversal. 

As the main reservoir of latent HIV-1 in infected individuals is 

resting CD4+ T cells, we ex vivo infected, without prior activation, CD4+ 

T cells obtained from healthy donors, with a defective full-length HIV-1 

virus harboring a luciferase reporter to establish latent infections as shown 

in Supplementary Figure 10A (Lassen et al., 2012). Treatment of latent 

HIV-1 infected primary CD4+ T cells with iberdomide for 48 hours, 

resulted in moderate but significant (p < 0.05) reversal of latency, as 

observed by an increase in the mean luciferase activity compared to the 

untreated control (Figure 5A) in all 6 donor CD4+ T cells examined. 

Bromodomain end extra-terminal domain (BET) inhibitors were reported 

to act synergistically with the activity of IMIDs in treatment of refractory 

forms of multiple myeloma (Diaz et al., 2017; Moros et al., 2014). We, 

therefore, examined whether these compounds also synergize in context of 
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HIV-1 latency reversal. Indeed, co-treatment of Iberdomide and JQ1 

resulted in a robust and synergistic HIV-1 latency reversal (Figure 5A). 

To confirm that treatment with iberdomide results in degradation of 

IKZF1at the protein level, we performed western blot analysis of primary 

cells treated for 48hours with iberdomide. As expected, treatment with 

iberdomide, alone or in combination with JQ1, resulted in degradation of 

IKZF1 as shown in figure 5B and Supplementary figure 10B. 

Importantly, treatment with iberdomide did not affect IKZF1 expression 

at the level of transcription (Figure 5C), consistent with the known post-

transcriptional mechanism by which IMIDs target IKZF1 for CRBN 

mediated degradation. Conversely, mRNA levels of the endogenous 

IKZF1 targets, p21 and cMyc (Bjorklund et al., 2020; Fecteau et al., 2014) 

were significantly affected by the treatment (Figure 5C).  

Confounding factors for potential clinical use of candidate LRAs 

is toxicity and the possibility that they induce unwanted 

immunomodulatory effects or global immune activation, thus leading to 

serious adverse effects. Besides, HIV reactivation strategies that aim for a 

cure will require an intact cytotoxic compartment that promotes viral 

clearance. Potential toxicity of iberdomide treatment of primary CD4+ T 

cells was determined by Annexin V staining, followed by flow-cytometry. 

As shown in Figure 5D and Supplementary Figure 10C and E, CD4+T 

cell viability quantitated as percentage of Annexin V positive cells 24 and 

48 hours following iberdomide treatment was not significantly affected.  

Given the known immunomodulatory role of Iberdomide and 

Thalidomide-derived drugs, we investigated the effects of Iberdomide 

treatment alone or in combination with JQ-1 in T cell activation, 

proliferation and functionality. Our results, as shown by extracellular 

CD69 staining followed by flow-cytometry, demonstrate that Iberdomide 

treatment alone, or in combination with JQ-1, does not result in global 

activation of primary CD4+ T cells (Figure 5E and F) (Supplementary 

Figure 10D and E).  

We then examined proliferation potential upon iberdomide 

treatment alone or in combination with JQ-1. As previously reported in the 

literature, and consistent with their anti-lymphoproliferative capacity 

(Fuchs, 2019), we observed decreased proliferation capacity upon 
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treatment of CD4+ and CD8+ primary T cells (Figure 5G and H; 

Supplementary Figure 10F and G). Lastly, we assessed the effect of 

iberdomide on T cells functionality, by measuring cytokines IFN and IL-

2 in CD4+ and CD8+ primary T cells. Iberdomide treatment alone or in 

combination with JQ-1 does not hamper the production of cytokines IFN 

(Figure 5 I and J; Supplementary Figure 11A and B) and IL-2 

(Supplementary Figure 11 C-F) upon stimulation of CD4+ or CD8+ T 

cells and therefore does not diminish T cell functionality. On the contrary, 

and consistent with the literature (Gandhi et al., 2014), we observe an 

increase in the production of IL-2 upon treatment with the LRAs 

(Supplementary Figure 11 C-F).  

Targeting IKZF1 by iberdomide treatment reverses latency in ex 

vivo infected primary CD4+ T cells and cells obtained from 

cART suppressed HIV-1 infected patients 

To validate our findings in a more relevant setting, we tested the efficacy 

of Iberdomide in CD4+ T cells obtained from virologically suppressed 

HIV-1 patients. 5 aviremic patients with maintained viremia below 50 

copies/mL for at least one year were selected for the study (Figure 6A). 

CD4+ T cells were isolated from PBMCs by negative selection and were 

left untreated or treated as indicated with Iberdomide, JQ1, or 

PMA/Ionomycin as a positive control (Figure 6B). Treatment with 

iberdomide alone resulted in a significant increase in cell-associated HIV-

1 gag copies in all 5 donors (mean gag copies 42.68) compared to control 

(mean gag copies 5.262), and was comparable to that observed after 

treatment of cells with the BET inhibitor JQ1 (mean gag copies 67.72). 

Due to the low frequency of reservoir cells, we were unable to detect HIV-

1 gag copies above the limit of detection for three donors in the untreated 

control, which we display as 1 copy for representation purposes. 

PMA/Ionomycin treatment, as expected, resulted in the highest increase in 

HIV-1 transcription (mean gag copies 758.1). As also observed in primary 

CD4+ T cells from healthy donors (Figure 5C), treatmenent with 

iberdomide resulted in a modest downregulation of c-Myc, significant 

when in combination with JQ1, and a significant upregulation of p21 

mRNA levels (Figure 6C) in cells isolated from aviremic, HIV-1 infected, 

partecipants.  
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Importantly, the latency reversal properties of iberdomide treatment in 

CD4+ T cells obtained from cART suppressed, HIV-1 infected patients, 

closely match our observations in ex vivo infected primary CD4+ T cells. 

Remarkably, also in cells derived from HIV-1 infected, aviremic 

participants we observe a modest but significant increase upon Iberdomide 

treatment and a robust, synergistic increase in cell-associated HIV-1 RNA 

upon co-treatment with JQ-1 (mean gag copies 254.72) (Figure 6B).  

DISCUSSION 

Here we identify regulatory protein complexes distinctly bound to 

the HIV-1 promoter in the latent and active states in vivo. For this we set-

up Catchet-MS, a reverse-ChIP strategy which couples CRISPR/dCas9 

targeting and purification of a genomic locus to an additional biochemical 

histone affinity step to enrich for chromatin-associated dCas9 locus-bound 

complexes. Using targeted dCas9 as bait makes the system versatile and 

renders Catchet-MS applicable to study other single genomic loci in live 

cells, without the need to modify the site of interest. Additionally, the 

introduction of a second, histone based, affinity purification step ensures 

that Catchet-MS effectively removes unwanted background originating 

from cellular contaminants and non-localized bait molecules from the 

mass spectrometry analysis. Catchet-MS can thus be considered a 

discovery tool to identify proteins distinctively associated with a genomic 

region of interest in two functionally disparate states, including 

transcriptional on-off state, as with the latent and active HIV-5’LTR here, 

states of differentiation, or distinct genomic SNPs. 

As Locus-specific proteomics is a developing field that still represents 

tremendous biochemical challenges, we acknowledge that our strategy 

also presents limitations common to locus-specific strategies. The high 

signal to noise ratio together with the low abundance of single-loci, 

represent a significant hurdle to overcome in locus-specific strategies to 

identify the complete repertoire of factors bound to a single locus in vivo 

(Gauchier et al., 2020). Aware of these limitations, we verified the locus 

specificity of our dCas9 bait targeting by ChIP sequencing, made use of a 

large input (~3 billion cells) and introduced a two-step (V5/histones) 

affinity purification, increasing sensitivity and specificity over a single-

step affinity purification, and used stringent filtering and exclusive 

selection of MS hits detected with high confidence. Importantly, we 
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describe the distinct proteome of latent versus activated HIV-1 5’LTR 

bound factors and not that of the total HIV 5’LTR bound proteome. In our 

analysis, the chromatin obtained from cells containing an activated HIV-1 

5’LTR serves as a control for the chromatin obtained from cells harbouring 

latent HIV-1 5’LTR, and vice versa. Using this approach, the majority of 

the proteins common to both conditions, including the dCas9 bait, 

potential non-specific contaminants, but also well-established functionally 

relevant factors such as EED (Nguyen et al., 2017; Turner et al., 2020), 

MTA2 (Cismasiu et al., 2008) and UCHL5 (Rathore et al., 2020), are 

excluded from further analysis, thus confirming the stringency of the 

approach. A point of concern with the use of dCas9 based bait guided to 

the HIV-1 promoter was the potential displacement of or interference with 

binding of putatively important interactors biasing our candidate list. 

Although we cannot formally exclude this possibility, dCas9 targeting to 

the 5’LTR did not appear to interfere, functionally, with viral latency or 

reactivation (Figure 1F and Supplementary Figure 1D), suggesting that 

any such interference would have been minor. Thus, despite some 

limitations, we are confident that Catchet-MS has identified bona fide 

interactors of the HIV-1 5’ LTR and thus represents an effective discovery 

tool. The validity of our approach is justified by the identification of 

previously identified and characterized interactors serving as positive 

controls as well as our extensive functional validation of several candidate 

proteins with a special focus on IKZF1. 

Among the list of interactors bound to the HIV-1 5’LTR locus, in 

addition to the well-established candidates, we find a number of novel 

interactors of the HIV-1 promoter (5’LTR) in its latent and active states as 

shown in Figure 3F and Supplementary Table 3. Among the latent 5’LTR 

associated factors, we find proteins belonging to chromatin remodeling 

complexes with well-established roles in HIV-1 latency including the 

Polycomb repressive complex1 (PRC1), Polycomb repressive complex 2 

(PRC2), the SWItch/Sucrose Non-Fermentable complex (SWI/SNF) and 

the Nucleosome Remodeling Deacetylase (NuRD) complexes (Khan et al., 

2018; Ne et al., 2018). Sequence-specific transcription factors are another 

class of proteins we identify enriched on the latent HIV-1 LTR, with YY1 

(Coull et al., 2000) and POU2F1 (Goffin et al., 2005) previously reported 

to repress HIV-1 transcription. We additionally identify proteins 
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structurally bound to chromatin such as the DNA topoisomerase 2-alpha 

enzyme (TOP2A) and the Sister chromatid cohesion protein PDS5 

homolog A (PDS5A) and B (PDS5B). As expected, the majority of 

chromatin structural components were enriched in both the activated and 

repressed states (Supplementary Table 2). Associated with the repressed 

locus, we also find the facilitates chromatin transcription (FACT) complex 

component, SUPT16H, previously described to promote viral latency by 

interfering with Tat-mediated recruitment of P-TEFb (Huang et al., 

2015).Dyskerin pseudouridine synthase 1 (DKC1) is another interesting 

latent LTR-bound candidate, previously described to promote latency by 

catalyzing the pseudouridylation and stabilization of the 7SK snRNP 

complex, inhibiting the release of P-TEFb (Zhao et al., 2016). Moreover, 

given that HIV-1 preferentially integrates in the nuclear periphery and is 

essentially regulated by proximity to the PML nuclear bodies (Lusic and 

Giacca, 2015), we re-analysed our unfiltered data for hits belonging to the 

“nuclear periphery” GO category  (GO:0034399). Interestingly, we find 

that many factors in this category are associated with the HIV-1 5’LTR 

(Supplementary Figure S4) and that Lamin B1 (LMNB1) is more 

predomaninantly associated with the latent state consistent with a previous 

report that the latent provirus associates with the nuclear periphery 

(Dieudonne et al., 2009). Interestingly in this context, the HIV-1 LTR 

binding repressor YY-1, has also been reported to interact with and 

mediate H3K27me3 -dependent formation of lamina-associated domains 

(LADs), and is more strongly associated with the latent state (Harr et al., 

2015). As expected, upon PMA stimulation and HIV-1 transcriptional 

activation, a much larger number of ribonucleoproteins, splicing factors as 

well as proteins involved in mRNA processing and nuclear-cytoplasmic 

transport are identified by Catchet-MS, most likely recruited to the locus 

following transcriptional activation (Supplementary Table 3).  

In search of putative novel molecular targets for HIV-1 latency reversal, 

we focused on factors identified to be significantly enriched or uniquely 

bound to the latent and not activated HIV-1 LTR. Using shRNA-mediated 

depletion, we functionally validated the activity of a number of novel 

putative candidates in J-Lat 11.1 cells. Of the 10 putative candidates tested, 

shRNA depletion of 5 factors (HP1BP3, IKZF1, CDC73, DKC1, PNN) 

resulted in HIV-1 latency reversal as observed by a significant increase in 

93



 

the percentage of GFP positive cells and expression of HIV-1 genes. One 

of the strongest observed latency reversals upon depletion was due to the 

sequence-specific transcription factor IKZF1, an attractive candidate for 

which pharmacological drug targeting is also available (Kronke et al., 

2014; Schafer et al., 2018). IKZF1, a critical factor for lymphoid lineage 

specification in hematopoietic stem cells, suppresses the stem cell and 

myeloid programs and primes for the expression of lymphoid specific 

genes (Ng et al., 2009). IKZF1 is also an important regulator of T cell 

function (Georgopoulos, 2017; Powell et al., 2019). Mechanistically, 

IKZF1 has a dual role in transcription, acting, depending on the context, 

both as a repressor and an activator (Geimer Le Lay et al., 2014; Ng et al., 

2009; Zhang et al., 2011). In an activating capacity, IKZF1 can restrict the 

activity of the NuRD complex, promoting chromatin accessibility (Davis, 

2011; Marke et al., 2018; Schwickert et al., 2014; Zhang et al., 2011). 

IKZF1 has also been proposed to act as an adaptor protein for the local 

recruitment of p-TEFb and the protein phosphatase 1α at IKZF1 target 

genes, facilitating transcription elongation (Bottardi et al., 2015). In T 

cells, however, IKZF1 has been shown to associate with PRC2 and is 

required for repression of Notch target genes and the hematopoietic stem 

cell program (Oravecz et al., 2015). IKZF1-mediated gene silencing may 

also depend on its interaction with the co-repressors CtBP, CtIP and 

SWI/SNF-related complex and HDAC-containing Sin3 complexes (Marke 

et al., 2018). 

 Consistent with its described repressive mechanisms and 

functions, depletion of IKZF1 led to a strong reactivation of HIV-1 

expression in J-Lat 11.1 cells and J-Lat A2. Upon PMA-induced 

transcription, IKZF1 binding downstream of the HIV-1 promoter is 

abrogated, indicating that IKZF1 binding is required for transcriptional 

repression. Remarkably, depletion of IKZF1 in J-Lat 11.1 cells and J-Lat 

A2, reveals that IKZF1 is required for the establishment of a repressive 

chromatin environment, characterized by the presence of the repressive 

chromatin marks H3K9me3 and H3K27me3. Upon IKZF1 depletion the 

region becomes de-repressed, displaying a drastic loss of enrichment for 

the H3K27me3 mark which is even more robust than what is observed 

following PMA induced activation. Evidence points to a model in which, 

in T-cells, IKZF1 regulates the epigenetic silencing of IKZF1 target genes 
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via recruitment of the PRC2 complex (Oravecz et al., 2015). The role of 

PRC2 as a regulatory complex, enriched on the latent HIV-1 promoter with 

a critical role in compaction of chromatin, recruitment of PRC1 and 

repression of HIV-1 transcription is well established (Bracken et al., 2006; 

Khan et al., 2018; Marke et al., 2018). Consistent with these reports our 

Catchet-MS data identified SUZ12, a core subunit of the PRC2 complex, 

and CBX8, a subunit of the PRC1 complex, to be also associated with the 

HIV-1 5’LTR in its latent state, pointing to a possible role for these 

complexes in regulating the chromatin landscape of this region (Figure 

3F). We investigated the potential IKZF1-dependent recruitment of the 

PRC2 subunit SUZ12 to the HIV-1 5’LTR by ChiP-qPCR; depletion of 

IKZF1 led to reduced SUZ12 enrichment over the HS2 region. 

Interestingly, we find that upon IKZF1 depletion, enrichment of the PRC1 

component CBX8 at these regions was also reduced. Our results are 

consistent with a model in which IKZF1 directly recruits PRC2 to the HIV-

1 5’LTR, as previously described at endogenous target genes in T cells 

(Oravecz et al., 2015). The PRC2-modified, H3K27 trimethylated region 

subsequently serves as a docking site for and results in rectruitment of 

PRC1 (Figure 6 D). 

 Expression of IKZF1 and related family member IKZF3 at the 

protein level can be controlled by modulating ubiquitination levels. IMIDs 

such as thalidomide, lenalidomide, pomalidomide and iberdomide 

promote ubiquitin-dependent proteasomal degradation of IKZF1 and 

IKZF3 by redirecting the substrate specificity of the CRL4CRBN 

ubiquitin ligase complex (Kronke et al., 2014; Lu et al., 2014). Among 

these drugs, iberdomide (CC-220), is a novel compound with the highest 

reported specificity for CRBN and the lowest IC50, currently in phase 2 

Clinical trial for Systhemic lupus erythematosus (SLE) and Multiple 

Myeloma (MM). Due to its high potency we selected iberdomide for 

treatment of primary ex vivo HIV-1 infected CD4+ T cells and those 

obtained from cART suppressed aviremic participants. Iberdomide 

mediated depletion of IKZF1 was accompanied by a significant reversal 

of HIV-1 latency, with no significant associated toxicity. A class of 

compounds previously reported to synergize with the activity of IMIDs in 

inhibiting the growth of refractory forms of MM are BET inhibitors such 

as JQ1 (Diaz et al., 2017; Moros et al., 2014). As BET inhibitors are also 
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a well-established class of HIV-1 LRAs, we examined the latency reversal 

effect of combination treatment with iberdomide and JQ1. Remarkably, 

co-treatment of latently infected primary CD4+ T cells results in strong 

and synergistic induction of HIV-1 transcription in cells obtained from 

HIV infected cART suppressed aviremic patients, quantitated as increase 

in cell-associated HIV-1 Gag RNA. Thus, similar to what was observed in 

the treatment of resistant MM, and of therapeutic interest, combination of 

these two classes of compounds also leads to synergism in context of HIV-

1 latency reversal. 

Crucial to the potential applicability of Iberdomide treatment alone 

or in combination with other LRAs in future clinical studies is the absence 

of detrimental effects on the overall T cell biology and the preservation of 

a functional cytotoxic compartment. Interestingly, and consistent with its 

role as an immunomodulatory treatment for lymphoid and myeloid 

malignancies (Fuchs, 2019), we observed a reduction of T cell 

proliferative capacity after treatment with Iberdomide alone or in 

combination with JQ-1. Importantly, we demonstrate that the use of 

Iberdomide does not affect T cell functionality, as measured by cytokine 

expression in CD4+ and CD8+ T cells, and does not cause global immune 

activation. Together, our results support the potential use of  Iberdomide 

as a novel LRA as it reactivates HIV-1 latency without significant toxicity, 

global T cell activation or impaired T cell functionality. Still, future studies 

including Iberdomide or other thalidomide class comopunds as LRA alone 

or in combination with other LRAs should take into consideration the anti-

proliferative activity of these compounds and their direct effects on T cell 

biology.  

Our data is consistent with a model in which iberdomide treatment of latent 

HIV-1 infected cells leads to IKZF1 degradation through CRBN and as 

consequence inhibits IKZF1 mediated recruitment of the PRC2 and PRC1 

complexes downstream of the HIV-1 promoter (Figure 6D). Thus, 

iberdomide and other FDA/EMA approved IMID family compounds that 

target IKZF1 for degradation represent attractive candidates for inclusion 

in proof of concept clinical studies aiming to reduce the latent HIV-1 

reservoir. The specificity of the IMID/IKZF1-targeting pharmacological 

strategy for HIV-1 latency reversal may also be enhanced by combination 
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treatment with other LRA class compounds such as BET inhibitors, which 

as our data demonstrates leads to synergistic latency reversal. 
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FIGURES AND FIGURES LEGENDS 
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Figure 1. Generation and characterization of J-Lat 11.1 polyclonal cell line 

expressing a multiple epitope-tagged HA-V5-FLAG-dCas9 bait, guided to 

the 5’HIV-1 LTR HS2 region.  

 

(A) Schematic representation of the genomic organization of the integrated HIV-

1 provirus in J-Lat 11.1 cells, encoding GFP and containing a frameshift mutation 

in env and a partial deletion of nef.  

(B) The 5’ LTR region is further segmented into the U3, R, and U5 regions.  

(C) Three strictly positioned nucleosomes, Nuc-0, Nuc-1 and Nuc-2, delimit the 

nucleosome-free regions HS1 and HS2, hypersensitive to nuclease digestion, as 

indicated. The HS2 region, to which the multiple epitope-tagged HA-V5-FLAG-

dCas9 bait is guided, is indicated. The amplicons used to scan the chromatin 

region in ChIP-qPCR are shown.  

(D) Western blot analysis indicates expression of multiple epitope-tagged HA-V5-

FLAG-dCas9 bait in modified J-Lat 11.1 cells using antibodies specific for Cas9, 

V5, FLAG and HA as indicated. Parental J-Lat 11.1 cell lysate is used as a 

negative control and α-Tubulin is used as a loading control.  

(E) Flow cytometry histograms show the distribution of GFP positive cells in 

unstimulated and PMA stimulated control J-Lat 11.1 cells, cells expressing the 

dCas9 bait and a non-targeting gRNA (nt-gRNA) and cells expressing the bait 

and the HS2 targeting gRNA (HS2-gRNA).  

(F) ChIP-qPCR analysis with anti V5 epitope affinity beads indicate specific 

enrichment of the HA-V5-FLAG-dCas9 bait over the guided HIV-1 LTR region. 

White bars represent data generated in cells expressing the dCas9 bait together 

with a non-targeting gRNA (nt-gRNA), yellow bars represent data generated in 

cells expressing the bait and the single guide RNA targeting the HS2 region of 

the HIV-1 5’LTR (HS2-gRNA). Data show a representative experiment, error bars 

represent the standard deviation (±SD) of two separate real-time PCR 

measurements. HIV-1 5’LTR sequences recovery is calculated as a percentage 

of the input. 

(G) ChIP-qPCR analysis with anti V5 epitope affinity beads in latent (-PMA; grey 

bars) and PMA treated cells (+PMA; green bars) expressing the dCas9 bait and 

the HS2-gRNA. Data are the mean of 2 independent experiments (±SD). HIV-1 

5’LTR sequences recovery is calculated as a percentage of the input. 
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Figure 2. dCas9 targeted chromatin and histone enrichment for mass 

spectrometry (Catchet-MS), a method to isolate and identify locus-bound 

protein complexes in vivo.  

A) Western blot analysis using antibody specific for dCas9 indicates localization 

of HA-V5-FLAG-dCas9 bait following a nuclear and nucleolar fractionation 

protocol. α-Tubulin  is used  as a cytoplasmic marker, Histone  H3  is  used  as  

a chromatin  marker  while Lamin  Bis  used  as  a nuclear  marker.  

(B)  Schematic representation of the dCas9 bait cellular localization.  

(C) Schematic representation of the Catchet-MS workflow. Approximately 3 

billion cells per condition are cross-linked with formaldehyde to stabilize the 

protein-protein and protein DNA interaction. Following a stringent chromatin 

enrichment protocol, the cross-linked chromatin is isolated and fragmented by 

ultrasound sonication. The dCas9 containing complexes are immunoprecipitated 

using anti V5 antibody conjugated affinity beads, eluted from the beads, and used 

as input material for a second round of purification with anti-histones (H3, H2B) 

antibody-conjugated beads, in order to remove the non-chromatin bound fraction 

of the HA-V5-FLAG-dCas9 bait complexes and to enrich for the locus associated 

bait complexes. Immunoprecipitated material is finally decrosslinked, resolved on 

an SDS-page and prepared for mass spectrometry analysis. 

(D) (Top-panel) ChIP-qPCR analysis with anti V5 epitope affinity beads in 

chromatin fraction prepared from unstimulated cells indicates specific enrichment 

of HA-V5-FLAG-dCas9 over the HIV-1 5’LTR. Data show a representative 

experiment, error bars represent the standard deviation (SD) of two separate 

real-time PCR measurements, HIV-1 5’LTR levels are calculated as percentages 

of the input. The V5 affinity-purified chromatin (represented in top panel) was 

eluted and used as input for a sequential immunoprecipitation with a mix of 

histone H2B and H3 conjugated affinity beads and the isolated material was 

analyzed by qPCR (Bottom panel). ChIP-qPCR with anti H3/H2B conjugated 

affinity beads indicates 5’LTR enrichment of HA-V5-FLAG-dCas9 bait after 

sequential V5/histone affinity purification.Data show a representative experiment, 

error bars represent the standard deviation (SD) of two separate real-time PCR 

measurements, HIV-1 5’LTR levels in both the V5 and histone affinity purification 

are calculated as percentages of the same original input. 

(E) ChIP-sequencing tracks of the V5/histone (H3/H2B) sequentially purified 

chromatin over the HIV-1 5’ LTR. 

(F) Average coverage profiles using ChIP sequencing reads mapped 500bp 

upstream and downstream of the peak center at the 5’LTR region of the HIV 

genome ('Targets') to the respective coverage around the predicted off targets 

('OffTargets'). 'Start' denotes the starting base pair of the aforementioned 1kb 

region around the peak centers and 'End' the ending base pair respectively. 

(G) ChIP-qPCR confirmation analysis of the V5/histone (H3/H2B) sequentially 

purified chromatin at the HIV-1 5’LTR and at dCas9 bait predicted off target 

regions. Predicted off-target regions were calculated allowing 2 to 3 mismatches 
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in the gRNA sequence. Data are presented as fold enrichment over the predicted 

off-target region on genomic location chr1: 42,957,793 and indicated with *.  
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Figure 3. Cachet-MS identifies known and novel host factors associated 

with the latent and active HIV-1 promoter  

(A) Heatmap displays the protein content at each step of the Catchet-MS 

purification pipeline. The colors represents the Log2 transformation of the protein 

intensities scores. Values corresponding to the V5 based immunopurification are 

adjusted to 100% as only a fraction (1:40) of the material that went into the 

second, histone based (H2B/H3) immunopurification, was analyzed by mass 

spectrometry. For the V5/histone experiment, 100% of the material was subjected 

to mass spectrometry. Missing values are represented by grey lines. The 

heatmap represents data from one Catchet-MS experiment, input material for the 

experiment corresponds to chromatin generated from a starting material of 3 

billion cells per condition. 

(B) Bar plots showing the absolute HA-V5-FLAG-dCas9 bait abundance at each 

step of the purification pipeline. The absolute abundance was calculated based 

on protein/peptide spectral intensity values and adjusted to the fraction of 

material analyzed by mass spectrometry. The values are displayed in arbitrary 

units.  

(C) Bar plots showing the relative HA-V5-FLAG-dCas9 bait abundance at each 

step of the purification pipeline. The relative abundance was calculated based on 

protein/peptide spectral intensity values and normalized to the total protein 

content. The values are displayed in arbitrary units.  

(D) Filtering criteria applied to Catchet-MS data. Hits are filtered by comparison 

with the Crapome repository for contaminants of affinity purification experiments 

. as well as through GO categorization to select hits present in the cell nucleus 

and classified to be RNA bound, DNA bound or alternatively bound to histones, 

transcription factors or associated to chromatin. Colors represent the Log2 

transformation of the protein relative abundance. The protein relative abundance 

was calculated based on protein/peptide spectral intensity values and normalized 

to the total protein content. Missing values are represented by grey lines.  

(E) Venn diagram graphically summarizing the overlap between the hits identified 

to be exclusively, or more abundantly, associated with the unstimulated state (-

PMA) and the hits associated with the activated state (+PMA).  

(F) Selection and functional classification of hits associated with the unstimulated 

state and considered for a potential role in the maintenance of HIV-1 latency. The 

first columns of the table summarize in a heatmap the Log2 trasfomation of the 

protein relative abundance values in the unstimulated (–PMA) sample and the 

activated (+PMA) sample. Missing values are represented by grey lines. 

Candidates previously reported to restrict HIV-1 expression are referenced in the 

third column. Checkmarks indicate the hits functionally validated by shRNA 

mediated depletion experiments (Supplementary Figure 3C). Colored boxes 

(yellow to dark green) summarize the effect of the target depletion on HIV- 1 

expression and refers to the effects summarized in S5A. 
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Figure 4. IKZF1, required for maintenance of HIV-1 latency, binds 

downstream of the latent HIV-1 5’LTR to promote PRC2/PRC1 recruitment 

and establish a repressive chromatin environment. 

(A) Bar plot showing the fold increase in % GFP positive cells (left y axes) 

measured by FACS analysis, following IKZF1 depletion in J-Lat 11.1 with two 

different shRNA constructs (#1 and #2). Data are the mean of three independent 

experiments (±SD). The right y axis represents the percentage of live cells. 

(B) qRT-PCR analysis measuring expression of HIV genes (pol, GFP, tat) in J-lat 

11 transduced with scramble shRNA (sh Control) and sh IKZF1 #1 and #2. Data, 

normalized to GAPDH are represented as fold enrichment over sh Control and 

are the mean of three independent experiments (±SEM). Statistical significance 

was calculated using a ratio paired t test, * – p<0,05; **– p<0,01– ***p<0,001.  

(C) Western blotting for IKZF1 in J-lat 11 transduced with scramble shRNA (sh 

Control) and shIKZF1 #1 and #2 iondicates depletion of IKZF1. α-Tubulin is used 

as a loading control. 

(D) Putative IKZF1 binding site (835-840) downstream of the HIV-1 5’-LTR in the 

proximity of the sequence targeted by the gRNA. The IKZF1 binding site is 

composed of a consensus sequence (TGGGAA/T) and at least one more extra 

core site (GGGA) in a 40 bp range (Li et al., 2011). 

(E) ChIP-qPCR analysis with IKZF1 antibody in latent cells and PMA stimulated 

J-Lat 11.1 cells as indicated. 

(F) ChIP qPCR analysis with IKZF1 antibody in J-Lat 11. 1 cells transduced with 

scramble shRNA (shControl) and shIKZF1. Data in (E) and (F) are presented as 

% input, error bars represent the standard deviation (SD) of two separate real-

time PCR measurements.  

(G, H, I) ChIP-qPCR using antibodies specific for distinct histone marks in J-Lat 

11. 1 cells transduced with scramble shRNA (shControl) and shIKZF1. Total 

histone H3 (G), H3K27me3 (H), H3K4me3 (I). Total histone H3 data (G) are 

represented as % input mean (±SD), histone marks data (H)(I) are expressed as 

fold change over H3 signal (±SD). 

(J) ChIP-qPCR analysis with SUZ12 in J-Lat 11. 1 cells transduced with scramble 

shRNA (shControl) and shIKZF1.  

(K) ChIP-qPCR analysis with CBX8 in J-Lat 11. 1 cells transduced with scramble 

shRNA (shControl) and shIKZF1. Data in (J) and (K) are presented as % input, 

error bars represent the standard deviation (SD) of two separate real-time PCR 

measurements. The ChIP analysis presented (E-K) are a representative 

experiment, biological replicate experiments are shown in S8. 

(L) Western blotting for SUZ12, IKZF1, CBX in J-lat 11 transduced with scramble 

shRNA (sh Control) and shIKZF1. α-Tubulin is used as a loading control.  
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Figure 5. Targeting IKZF1 by iberdomide treatment reverses latency in ex 
vivo infected primary CD4+ T cells with minimal effect on toxicity and 
effector function  
 
(A) The latency reversal activity of iberdomide alone (10uM) and in combination 
with JQ1 (500nM) was tested, in primary human CD4+ T cells ex vivo infected to 
harbour latent HIV-1. The dot plot in panel A shows the fold increase in luciferase 
activity after treatment as indicated. Each dot represents a single measurement 
while the black horizontal lines represent the average fold increase for each 
treatment in the pool of donors. Experiments were performed in duplicate using 
cells obtained from 6 healthy donors. Statistical significance was determined by 
repeated measures one-way ANOVA on the log-transformed fold changes 
followed by Tukey’s multiple comparison test * – p < 0,05, ** – p < 0,01 , *** – p 
< 0,001, ****– p < 0,0001.  
(B) Western blotting shows protein levels of IKZF1 after 24 hours following 
treatment with Iberdomide, JQ1, and their combination in primary CD4+ T cells. 
α-Tubulin is used as a loading control. 
(C) qRT-PCR analysis of IKZF1 and IKZF1 targets p21 and c-myc upon treatment 

with JQ1, iberdomide, and their combination. RT-PCR was performed in primary 

CD4+ T cells isolated from three healthy donors. Data are represented as fold 

change (±SEM) over untreated and are normalized to Cyclophilin A (CyPA). B2M 

and GAPDH are used as housekeeping genes. Statistical significance was 

calculated using ratio-paired t-test * – p < 0,05, ** – p < 0,01 , *** – p < 0,001,  

(D) Iberdomide treatment is not cytotoxic in primary CD4+ T cells. Percentage of 
cells expressing the Annexin V marker of apoptosis in primary CD4+ T cells 
treated with iberdomide, JQ1 and the combination of both compounds for 48 
hours. Treatment with a toxic concentration of Gliotoxin (GTX) 200nM was used 
as a positive control. Experiments were performed in uninfected cells obtained 
from five healthy donors, represented by the dots.  
(E) Iberdomide treatment does not activate CD4+ T cells. Representative flow 
cytometry plot of extracellular CD69 marker staining analysis in primary CD4+ T 
cells, upon treatment with JQ1, iberdomide, or a combination of both compunds 
for 48 hours. CD69 expression was assessed by extracellular staining and 
analyzed by flow cytometry 
(F) Percentage of cells expressing the CD69 marker of cell activation in primary 
CD4+ T cells from 5 healthy donors as described in E. Treatment with PMA was 
used as a positive control.  
(G) Representantive histogram of proliferative capacity of unstimulated or 
aCD3/CD28 stimulated CD4+ T cells in the presence or absence of LRAs. Cells 
were stained with a proliferation dye and analyzed 72 hours later by flow 
cytometry. Dividing cells show decreased intensity of prolifertion dye as it 
becomes diluted upon cell division. 
(H) Percentage of proliferated CD4+ T cells from 3 healthy donors as described 

in G. 

(I) Representative flow cytometry plots of IFNg production analysis in 
unstimulated and stimulated primary CD8+ T cells after treatment with LRAs.  
Cells were treated as indicated for 18 hours followed by PMA/Ionomycin 
stimulation for 7 hours in the presence of a protein transport inhibitor or remained 
unstimulated. IFN-g production was assessed by intracellular staining and 
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analyzed by flow cytometry. Numbers in the plot show percentage of IL-2 
producing cells.  
(J) Percentage of INFg producing CD8+ T cells from 3 healthy donors as 
described in I 
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Figure 6 Targeting IKZF1 by iberdomide treatment reverses latency in 
primary CD4+ T cells obtained from cART suppressed HIV-1 infected 
patients.  

(A) Clinical Information Table corresponding to the HIV-1 infected study 
participants.  
(B) Iberdomide treatment causes significant increase in cell-associated HIV-1 
RNA levels and synergistically enhances JQ1-mediated HIV-1 latency reversal in 
CD4+ T cells obtained from c-ART suppressed HIV-1 infected patient volunteers. 
Graph panel showing the average levels of cell-associated HIV-1 RNA in CD4+ 
T cells isolated from five infected, aviremic participants. Statistical significance 
was calculated using unpaired Mann-Whitney test, * – p < 0,05, ** – p < 0,01.  
(C) qRT-PCR analysis of IKZF1 targets p21 and c-myc upon treatment with JQ1, 

iberdomide, or both compounds. RT-PCR was performed in primary CD4+ T cells 

isolated from 5 aviremic HIV-1 infected study partecipants. Data are represented 

as fold change mean (±SD) over untreated and are normalized with Cyclophilin 

A (CyPA). Statistical significance was calculated using ratio-paired t test * – p < 

0,05, ** – p < 0,01 , *** – p < 0,001. 

(D) Proposed model for iberdomide mediated latency reversal. Iberdomide binds 
to CRBN, a subunit of the CRLCRBN E3 ubiquitin ligase complex that acts as a 
substrate adaptor. Iberdomide biding induces recruitment of IKZF1 and its 
ubiquitination by the ligase. In latently infected cells, ubiquitination of IKZF1 and 
its degradation by the proteasome results in a decrease in IKZF1 levels, impaired 
LTR recruitment of PRC2 and PRC1, leading to chromatin derepression and 
latency reversal.  
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Supplementary Figure 1. Characterization of the experimental system.  

(A) Functional validation of the gRNA designed against the HIV-1 5’LTR HS2 

region (HS2-gRNA). The FACSs plots show J-Lat 11.1 cells examined by flow-

cytometry at 72 hours after nucleofection with a dCas9 VPR construct to check 

for HIV-1 LTR dependent GFP expression, measured as % GFP positive cells. 

(B) ChIP-qPCR experiments performed using different antibodies, conjugated to 

affinity beads, against the different synthetic tags (FLAG, V5, HA) of the dCas9 

construct. Cells expressing the HS2 gRNA and control cells expressing a non-

targeting gRNA (nt-gRNA) are compared. HIV-1 5’LTR sequences recovery is 

calculated as a percentage of the input. (C) From the experiment shown in (B), 

the signal to noise ratio of the experiment is calculated by dividing the ChIP-qPCR 

signal obtained in the HS2 gRNA expressing pool with the signal obtained in the 

nt-gRNA expressing pool. Data are represented as fold enrichment over the non-

targeting gRNA signal. (D) Microscopy pictures (bright field and fluorescence) of 

control J-lat 11.1 cells, cells expressing dCas9 bait and a non-targeting gRNA, 

cells expressing the bait and a gRNA targeting the HS2 region. Cells have been 

examined in unstimulated (-PMA) and in the presence of 20nM PMA (+PMA) to 

assess reactivation capacity.  
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Supplementary Figure 2. Characterization of the chromatin preparation 

protocol by mass spectrometry. (A) The heatmap shows a comparison 

between the protein content of a standard ChIP protocol, CheIP, and CheIP 

followed by a histone enrichment step (CheIP + histone IP) with H2B and H3 

conjugated affinity beads. The colors represent the Log2 transformation of the 

proteins relative abundance. The protein relative abundance was calculated 

based on protein/peptide spectral intensity values and normalized to the total 

protein content (B) Venn diagram showing the proportion of the number of hits 

identified in the different protocols 
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Supplementary Figure 3. Depletion of non-localized bait and nucleolar 

proteins 

(A) Western blotting with anti Cas9 and anti-V5 antibody indicates relative 

presence of HA-V5-FLAG-dCas9 bait in the fractions used in the sequential ChIP 

experiments in Figure 2D. (B) Detection of histones. The heatmap summarizes 

the relative abundance of histone proteins, detected by Catchet-MS. The colors 

represents the Log2 transformation of the proteins relative abundance. The 

protein relative abundance was calculated based on protein/peptide spectral 

intensity values and normalized to the total protein content. Missing values are 

represented by grey lines. (C) Heatmap displaying the content of nucleolar 

proteins (GO cellular compartment category GO:005730; nucleolus) at each step 

of the Catchet-MS purification pipeline used for isolation of the HIV-1 5’LTR. The 

colors range represents the represents the Log2 transformation of the proteins 

intensities scores. Values corresponding to the V5 based immunopurification are 

adjusted to the fraction of material analyzed by mass spectrometry, 

corresponding to 1:40 of the material used for the second, histone based 

(H2B/H3) immunopurification. Missing values are represented by grey lines. 
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Supplementary Figure 4.  Identification of nuclear body and nuclear 

periphery associated proteins with the latent HIV-1 LTR. 

The heatmap summarizes the relative abundance of proteins associated with the 

nuclear periphery (GO:0034399), detected by Catchet-MS. The colors represent 

the Log2 transformation of the proteins relative abundance. The protein relative 

abundance was calculated based on protein/peptide spectral intensity values and 

normalized to the total protein content. Missing values are represented by grey 

lines. 
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Supplementary Figure 5. Functional validation of a selection of proteins 

bound downstream of the latent HIV-1 promoter. 

Functional validation of the hits associated with the repressed HIV-1 LTR. shRNA 

mediated depletion followed by Flow cytometry and RT-PCR. Statistical 

significance was calculated using ratio-paired t-test and multiple comparison t-

test on Log2 transforment fold changes * – p < 0,05, ** – p < 0,01 , *** – p < 0,001, 

****– p < 0,0001 . 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6.  IKZF family members expression and role in HIV-

1 latency in J-Lat 11.1 cells. (A) Expression of IKZF family members in Jurkat 

cells. The panel shows the number of RNA seq reads in Jurkat cells. The data 

are published and available in Palstra et al., Science advances, 2018).   

(B) IKZF2 and IKZF5, the two prominent Jurkat cells expressed IKZF members 

were depleted from J-Lat 11.1 cells following shRNA-mediated transduction and 
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GFP expression was examined by Flow cytometry and RT-PCR. Statistical 

significance was calculated using ratio-paired t-test and multiple comparison t-

test * – p < 0,05, ** – p < 0,01 , *** – p < 0,001, ****– p < 0,0001 . 

 

 

 

 

 
Supplementary Figure 7. Carachterization of IKZF1 binding and chromatin 

state at the 5’LTR following treatment with PMA in J-Lat 11.1 cells. (A) 

Replicate ChIP-qPCR analysis with IKZF1 antibody in latent and PMA stimulated 
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J-Lat 11.1 cells as indicated. Data are presented as % input, error bars represent 

the standard deviation (SD) of two separate real-time PCR measurements. (B-C) 

ChIP-qPCR using antibodies specific for distinct histone marks in latent and PMA 

stimulated J-Lat 11.1 cells as indicated; total histone H3 (B), H3K4me3 (C), 

H3K27me3 (D), H3K9me3 (E). Total histone H3 data (G) are presented as % 

input mean (±SD), data corresponding to histone marks (C-E) are expressed as 

fold change over H3 signal. Error bars represent the standard deviation (SD) of 

two separate real-time PCR measurements. 
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Supplementary Figure 8. IKZF1, required for maintenance of HIV-1 latency 

in J-Lat 11.1 cells, binds downstream of the latent HIV-1 5’LTR to promote 

PRC2/PRC1 recruitement and the establishment of a repressive chromatin 

environment. (A) ChIP qPCR analysis using antibody against IKZF1 in J-Lat 

11.1 cells transduced with scramble shRNA (shControl) and shIKZF1 probing 

binding to the HIV-1 5’LTR. (B) ChIP-qPCR analysis with SUZ12 in J-Lat 11.1 

cells transduced with scramble shRNA (shControl) and shIKZF1 at the HIV-1 

5’LTR. Data in (A) and (B) are presented as % input, error bars represent the 

standard deviation (SD) of two separate real-time PCR measurements. (C) ChIP 

qPCR analysis using antibody against IKZF1 in J-Lat 11.1 cells transduced with 

scramble shRNA (shControl) and shIKZF1 probing binding of IKZF1 to 

endogenous IKZF target genes BAD, IER2, PLIN3 and SMAD7 (Song et al., 

2016). (D-G) ChIP-qPCR using antibodies specific for distinct histone marks in J-

Lat 11.1 cells transduced with scramble shRNA (shControl) and shIKZF1; total 

histone H3 (D), H3K27me3 (E), H3K4me3 (F), H3K9me3 (G). Total histone H3 

data (D) are represented as % input mean (±SD), histone marks data (E-G) are 

expressed as fold change over H3 signal. Error bars represent the standard 

deviation (SD) of two separate real-time PCR measurements. (H) Representative 

agarose gels demonstrating range of DNA size resulting from sonication of 

chromatin used in the ChIP experiments presented in the manuscript.  
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Supplementary figure 9. IKZF1, required for maintenance of HIV-1 latency 

in J-Lat A2 cells, binds downstream of the latent HIV-1 5’LTR to promote 

PRC2 recruitment  

(A) Bar plot showing the fold increase in % GFP positive cells (left y-axes) 

measured by FACS analysis, following IKZF1 depletion in J-Lat A2 cells with two 

different shRNA constructs (#1 and #2). The right y-axis represents the 

percentage of live cells. Data are the mean of two independent experiments 

(±SD).  

(B) qRT-PCR analysis measuring expression of HIV genes (pol, GFP, tat) in J-lat 

A2 cells transduced with scramble shRNA (sh Control) and sh IKZF1 #1 and #2. 

Data, normalized to GAPDH are represented as fold enrichment over sh Control 

and are the mean of three independent experiments (±SEM). Statistical 

significance was calculated using a ratio paired t test, * – p<0,05; **– p<0,01– 

***p<0,001.  

(C) ChIP qPCR analysis with IKZF1 antibody in J-Lat A2 cells transduced with 

scramble shRNA (shControl) and shIKZF1. Data are presented as % input, error 

bars represent the standard deviation (SD) of two separate real-time PCR 

measurements. (D-E) Histone marks ChIP qPCR analysis of the HIV-1 5’ LTR in 

J-Lat A2 cells transduced with scramble shRNA (shControl) and shIKZF1; (D) 

Total histone H3 (E) H3K27me3 (F) H3K4me3 (G) H3K9me3. Total histone H3 

data (D) are presented as % input mean (±SD), histone marks data (E-G) are 

expressed as fold change over H3 signal. Error bars represent the standard 

deviation (SD) of two separate real-time PCR measurements. 
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Supplementary figure 10 Iberdomide treatment of primary CD4+ T cells 

causes depletion of IKZF1 at the protein levels, reduces proliferation but 

does not cause cytotoxicity or induce T cell activation.  

(A) schematic representation of the protocol for HIV-1 latency establishment in 

primary human CD4+ T cells.  

(B) Western blot analysis using an antibody specific for IKZF1 indicates depletion 

of IKZF1 at the protein level in CD4+ T cells, upon treatment with iberdomide, 

JQ1 or a combination of both compounds as indicated. PMA is used as a control 

LRA. α-Tubulin is used as a loading control.  

(C) Percentage of cells expressing the Annexin V marker of apoptosis in primary 

CD4+ T cells treated with iberdomide for 24 hours, JQ1 and the combination of 

both compounds. Treatment with a toxic concentration of Gliotoxin (GTX) 200nM 

was used as a positive control  

(D) Percentage of cells expressing the CD69 marker of cell activation in primary 

CD4+ T cells treated with iberdomide for 24 hours, JQ1 and the combination of 

both compounds.  

Experiments were performed in uninfected cells obtained from 5 healthy donors. 

Treatment with PMA was used as a positive control. Bars represent the average 

of experiments performed on samples deriving from two healthy donors.  

(E) Representative flow cytometry plots and gating strategy for annexin V and 

CD69 staining. 

(F) Representantive histogram of proliferative capacity of unstimulated or 

aCD3/CD28 stimulated CD8+ T cells in the presence or absence of LRAs. Cells 

were stained with a proliferation dye and analyzed 72 hours later by flow 

cytometry. Dividing cells show decreased intensity of proliferaiton dye as it 

becomes diluted upon cell division.  

(G) Percentage of proliferated CD8+ T cells from 3 healthy donors as described 

in C. 
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Supplementary figure 11 Effect of iberdomide treatment alone and in 

combination with JQ1 on T cell toxicity, activation, proliferation capacity 

and effector function 

 

(A) Representative flow cytometry plots (left panel) of INF-g production analysis 

in unstimulated and stimulated primary CD8+ T cells. . Cells were treated as 

indicated for 18 hours followed by PMA/Ionomycin stimulation for 7 hours in the 

presence of a protein transport inhibitor or remained unstimulated. IL-2 

production was assessed by intracellular staining and analyzed by flow 

cytometry. 

(B) Percentage of INF-g producing CD8+ T cells from 3 healthy donors as 

described in B. 

(C) Representative flow cytometry plots (left panel) of IL2 production analysis in 

unstimulated and stimulated primary CD8+ T cells. Cells were treated as 

indicated for 18 hours followed by PMA/Ionomycin stimulation for 7 hours in the 

presence of a protein transport inhibitor or remained unstimulated. IL-2 

production was assessed by intracellular staining and analyzed by flow 

cytometry. 

(D) Percentage of IL-2 producing CD8+ T cells from 3 healthy donors as 

described in C 

(E) Representative flow cytometry plots (left panel) of IL2 production analysis in 

unstimulated and stimulated primary CD8+ T cells. . Cells were treated as 

indicated for 18 hours followed by PMA/Ionomycin stimulation for 7 hours in the 

presence of a protein transport inhibitor or remained unstimulated. IL-2 

production was assessed by intracellular staining and analyzed by flow 

cytometry. 

(F) Percentage of IL-2 producing CD8+ T cells from 3 healthy donors as 

described in E 
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Supplementary Table 1  dCas9 V5/Histone ChIP sequencing peak calling 

summary 
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Supplementary Table 2 List of factors enriched on both the latent and active 

state of the HIV-1 promoter. The table displays selected and functionally 

classified hits (n=122) identified in both experimental conditions with similar 

scores, including the HA-V5-FLAG-dCas9 bait and potential non-specific binding 

contaminants.  
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Supplementary Table 3 List of putative factors enriched on the active 

(+PMA) HIV-1 promoter. The table displays selected and functionally classified 

hits (n=84) identified by Catchet-MS in the +PMA state 

133



 

 

134



 

 

135



 

 
Supplementary Table 4. Mass spectrometry statistics 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS 

 

Cell lines  

 

Latent HIV-1 infected Jurkat cells (clone J-Lat 11.1 and clone J-Lat A2) 

were cultured in RPMI-1640 media supplemented with 7% FBS and 100 

µg/ml penicillin-streptomycin at 37°C 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°C in a humidified 95%-air-5%CO2 incubator. HEK 293T cells were 

cultured in DMEM supplemented with 10% FBS and 100 µg/ml penicillin-

streptomycin at 37 ºC in a humidified 95% air 5% CO2 incubator and used 

exclusively for the production of lentiviral shRNA vectors. 

 

Establishment of J-lat 11.1 cells expressing the HA-V5-FLAG-

dCas9 bait  

 

In order to generate J-Lat 11.1 cells expressing the triple tagged (HA, V5, 

3xFLAG) dCas9 construct, cells were then nucleofected with a modified 

version of the PX462 plasmid (AddGene) and selected for resistance to 

puromycin. pSpCas9n(BB)-2A-Puro (PX462) V2.0 was a gift from Feng 

Zhang (Addgene plasmid # 62987 ; http://n2t.net/addgene:62987 ; 

RRID:Addgene_62987). The original plasmid encodes for a Cas9 D10A 

nickase mutant, we modified the original sequence by introducing an 

H841A mutation that renders the Cas9 fully catalytically inactive (dCas9). 

Additionally, we introduced a triple FLAG epitope sequence (3xFLAG), 

a V5 epitope sequence and an HA epitope sequence at the N-terminal 

region of the dCas9. The plasmid contains a chicken β-actin promoter that 

drives the expression of the dCas9 bait and a U6 promoter that drives the 

expression of the gRNA scaffold. The sequence of the gRNA is 5’-

GAAGCGCGCACGGCAAG-3’ and is located between nucleotides 708 

and 724 on the HIV-1 5’ LTR, downstream the transcriptional start site 

(TSS) and in-between Nuc-1 and Nuc-2 (Figure 1A). Within the plasmid, 

the dCas9 open reading frame (ORF) sequence additionally contains an 

IRES sequence that is followed by a puromycin resistance cassette, 

allowing for puromycin selection of dCas9 expressing cells. The plasmid 
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sequence information is available upon request. 48 hours after 

nucleofection the cells were selected for a week with 1μg/ml puromycin 

and expanded in a polyclonal population. Unstimulated J-Lat 11.1 cells 

were used to model the latent, repressed, promoter while cells stimulated 

with 10 μm of phorbol 12 myristate 13-acetate (PMA) (Sigma), a potent 

PKC agonist, were used to model the transcriptionally active promoter.  

 

Plasmids nucleofection 

The expression plasmids for the HA-V5-FLAG-dCas9 bait and the dCas9-

VPR were delivered to J-Lat 11.1 cells by nucleofection using Amaxa 

Nucleofector (Lonza) as previously described (Rafati et al., 2011) and the 

Cell Line Nucleofector Kit R (Lonza). Briefly, cells were split to 4 × 105 

cells/ml one day before nucleofection, 8 million cells were centrifuged at 

600rcf for 5 min at room temperature, resuspended in 100 μl of solution 

R, and nucleofected with 2 μgs of plasmid, using program O28 and the 

Cell line nucleofector Kit R. Nucleofected cells were then resuspended in 

500 μl of pre-warmed, serum-free antibiotic-free RPMI at 37 °C for 15 

min and then plated in 5 ml of pre-warmed complete media. Seventy-two 

hours post-nucleofection cells nucleofected with the dCas9 VPR plasmid 

were analyzed with flow cytometry while cells nucleofected with the 

dCas9 construct for purification (HA, V5, FLAG) were selected for 10 

days in puromycin 0.5μg/ml and expanded as a polyclonal population.  

 

Bacterial strains 

DH5α and Stable3 bacterial cells were used to propagate the plasmids 

used in the study. 

 

METHOD DETAILS 

 

Western Blotting 

10x106 cells were lysed with 100 µl cold lysis buffer containing 150 mM 

NaCl, 30 mM Tris (pH 7.5), 1 mM EDTA, 1% Triton X-100, 10% 

Glycerol, 0.5 mM DTT, protease inhibitor cocktail tablets (EDTA-free) 

(Roche) at 4°C per 30 minutes. Cell lysates were clarified by 

centrifugation (14,000 rpm for 30 min at 4°C), mixed with 4x sodium 
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dodecyl sulfate (SDS)-loading buffer with 0.1M DTT and boiled at 95°C 

per 5 min. Samples were run in a 10% SDS-polyacrylamide gel at 100V. 

The proteins were then transferred to polyvinylidene difluoride (PVDF) 

membranes (Immobilion) and the membranes probed with primary 

antibodies (anti-V5 epitope (Invitrogen), anti-HA epitope (Abcam), anti-

FLAG epitope (Sigma) and anti-tubulin (Abcam) overnight at 4 °C. 

Secondary antibodies were used accordingly to the species reactivity and 

incubated for 1 hour at room temperature. Proteins were detected by 

chemical luminescence using the SuperSignal West Pico or SuperSignal 

West Pico Femto Chemiluminescent Substrate (Thermo Scientific).  

For visualization of dCas9 protein enrichment during the ChIP-MS 

protocol, the protein complexes bound to the beads were decrosslinked and 

eluted and at 95°C for 30min in 4x sodium dodecyl sulfate (SDS)-loading 

buffer containing 0.1M DTT. The proteins were then resolved in a 10% 

polyacrylamide SDS-PAGE gel and western blotting was performed using 

a mouse anti-FLAG antibody, a secondary anti-mouse HRP antibody, and 

imaged as above.  

 

Cytoplasmic and nuclear fractionation 

Approximately 2x107 J-lat 11.1 cells expressing the HA-V5-FLAG-dCas9 

bait were subjected to cellular fractionation to separate the cytoplasmic 

and nuclear fraction. We adapted the cellular fractionation protocol 

described in (Ten Have et al., 2012) to cells in suspension. Briefly, the 

cells were collected by centrifugation at 800rcf for 5 minutes at 4C and 

washed twice with PBS. The cell pellet was then transferred and 

resuspended into a pre-chilled 7ml dounce homogenizer, where the cell 

membrane was broken using 10 strokes of a tight pestle. The dounced cells 

were then centrifuged for 5 minutes at 4C, 800rcf and the supernatant was 

retained as cytoplasmic fraction.  

The nuclear pellets were then resuspended in 3ml of a solution (S1) 

containing 0.25M Sucrose and 10mM MgCl2 and layered over a 3ml 

cushion of a 0.35M Sucrose and 0.5mM MgCl2 solution (S2) by slowly 

pipetting S1 on top S2. The cell pellets were then centrifuged again for 10 

minutes at 4C at 2500rcf and the remaining pellets retained as the nuclear 

fraction.  
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Chromatin immunoprecipitation and HIV-1 5’LTR purification 

using Catchet-MS: 

In order to more specifically enrich for chromatin and reduce background 

from cellular contaminants and from the non-chromatin associated bait, 

we improved the stringency of our in-house ChIP protocol (Rafati et al., 

2011) by incorporating a few steps from the Chromatin enrichment for 

proteomics (CheP) (Kustatscher et al., 2014) during the preparation of our 

input material. We have then followed a traditional ChIP protocol in which 

we have enriched for the dCas9 bait and its associated complexes using an 

Anti-V5 Agarose Affinity Gel (Sigma). To further eliminate the 

background originating from the purification of non-chromatin associated 

bait complexes we have additionally added a histone enrichment step, 

downstream of the bait enrichment step, using histone H2B (Abcam) and 

H3 antibodies (Abcam) conjugated to Protein G SepharoseTM 4 Fast flow 

(GE Healthcare) and Protein A SepharoseTM 4 Fast flow (GE Healthcare) 

beads by dimethyl pimelimidate cross-linking as described in (Chalkley 

and Verrijzer, 2004). 

 

Chromatin input preparation using CheIP 

Approximately 3 billion cells per condition were collected, cross-linked 

and processed in batches of 400million cells. After collection, by 

centrifugation at 800rcf for 5 minutes, each batch was washed two times 

in 40 ml PBS supplemented with 1mM MgCl2 and 1mM CaCl2, and cross-

linked in 40 ml PBS with 1% formaldehyde (Formaldehyde methanol free 

16%, Polysciences inc.) at room temperature for 30 min with vertical 

rotation at 15rpm. The reaction was then quenched with the addition of 1 

M glycine to a final concentration of 125 mM. Cross-linked cells pellet 

were then washed in 20 ml cold buffer B (0.25% Triton x-100, 1mM 

EDTA, 0.5mM EGTA, 20mM HEPES pH 7.6) and 20 ml cold buffer C 

(0.15M NaCl, 1mM EDTA, 0.5mM EGTA, 20mM HEPES pH 7.6), 

resuspended in 2 ml ChIP incubation buffer (1% Triton x-100, 150mM 

NaCl, 1mM EDTA, ph 8.0, 0.5 mM EGTA, 20mM HEPES pH 7.6, 

protease inhibitor cocktail tablets (EDTA-free, Roche) and then 

transferred in 15ml polystyrene Falcon tubes compatible with sonication. 
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In order to isolate and expose the cross-linked nuclei to the subsequent 

denaturation steps the samples were sonicated with 15 ml probes at 

medium intensity for 10 minutes (30’ ON/30’ OFF intervals; Diogenode 

Bioruptor) and the cell nuclei were spun at 800rcf for 10 minutes. The 

pellets were then re-suspended in 2 ml ChIP incubation buffer containing 

0.15% SDS and sonicated again for 10 minutes at medium intensity (30’ 

ON/30’ OFF intervals; Diogenode Bioruptor). The sonicated nuclei in 

suspension were then aliquoted (500µls per tube) in 2ml Eppendorf tubes 

and denatured for 5 minutes at room temperature with 350µls 10% SDS 

and 1.2 ml 8M Urea buffer (10mM Tris pH 7.4, 1mM EDTA and 8 M 

urea). The insoluble fraction of the nuclei, enriched for chromatin, was 

then precipitated by centrifugation at 16200rcf at room temperature for 

20minutes. The precipitated pellets were then resuspended and combined 

(4 into 1) in a single 2ml Falcon tube and denatured again for 5 minutes at 

room temperature with 500µls of 4% SDS buffer (50mM Tris ph 7.4, 10 

mM EDTA, 4% SDS) and 8M Urea buffer and then precipitated again by 

centrifugation at 16200rcf at room temperature for 20minutes.  

The pellets were then resuspended and washed by centrifugation at 

16200rcf at room temperature for 20minutes in 2ml 4% SDS buffer and 

then resuspended in 2.5 ml ChIP incubation buffer containing 1% SDS. 

The content of each tube was then transferred in a 15ml polystyrene tube 

and sonicated (3 tubes at the time) at a high intensity (30’ ON/30’ OFF 

intervals; Diogenode Bioruptor), using metal probes, to obtain chromatin 

fragments in a 200-500bp size range. The different chromatin batches were 

then pulled together concentrated through 100kDa Centricon filters, to 

buffer exchange with 0.1% SDS ChIP incubation buffer and remove 

smaller proteins and fragments. The sonicated chromatin (a total of 50 ml 

per condition) was then spun at max speed (20817 rcf) at 4°C for 30 

minutes to remove cellular debris and diluted to 50 ml per condition. The 

chromatin was then precleared overnight at 4°C with vertical rotation at 

15rpm (a total of 5 reactions per condition in 15ml tubes) with 500µls of 

a mix of Protein G and A SepharoseTM 4 Fast flow (GE Healthcare) beads 

and then used for immunoprecipitation. 

 

HA-V5-FLAG-dCas9 bait enrichment 
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Per each condition, dCas9 containing complexes were isolated from the 

sonicated chromatin using 500µls (a total of 5 reaction where 100µls of 

affinity beads were used to purify 10ml of chromatin) of Anti-V5 Agarose 

Affinity Gel (Sigma) and then washed two times per each buffer 

(5minutes, 15rpm vertical rotation washes) with buffer 1 (0.1% SDS, 0.1% 

DOC, 1% Triton x-100, 150mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM 

EGTA, 20mM HEPES pH8.0.), buffer 2 (500mM NaCl: 0.1% SDS, 0.1% 

DOC, 1% Triton x-100, 500mM NaCl, 1 mM EDTA pH 8.0, 0.5mM 

EGTA, 20mM HEPES pH8.0), buffer 3 (0.25M LiCL, 0.5%DOC, 0.5% 

NP-40, 1mM EDTA pH 8.0, 0.5mM EGTA pH 8.0, 20mM HEPES pH 

8.0), buffer 4 (1mM EDTA pH8.0, 0.5mM EGTA pH 8.0, 20mM HEPES 

pH 8.0) to remove unspecific binding and eluted in a total volume of 1 ml 

elution buffer 1% SDS, 0.1M NaHCO3 per each condition. At this stage a 

50µl aliquot of the eluate was taken to be analyzed by qPCR as quality 

control for dCas9 enrichment over the chromatin input at the desired 

chromatin locus. 

 

Locus enrichment 

The eluate was then diluted 10 times in ChIP incubation buffer without 

SDS (1% Triton x-100, 150mM NaCl, 1mM EDTA, ph 8.0, 0.5 mM 

EGTA, 20mM HEPES pH 7.6, protease inhibitor cocktail tablets (EDTA-

free) (Roche) and immunoprecipitated again in a single reaction with 

100µls of a mix of Protein G and A SepharoseTM 4 Fast flow (GE 

Healthcare) pre-conjugated with histone H3 and histone H2B antibodies 

in order to specifically enrich for chromatin-associated dCas9 complexes 

and eliminate from the purification unspecific non-chromatin associated 

dCas9 complexes. The immunoprecipitated material, bound to the beads, 

was then washed again 2 times per each buffer with buffer 1, buffer 2, 

buffer 3 and buffer 4 to remove unspecific binding and the protein 

complexes bound to the beads were finally eluted and decrosslinked by 

boiling the sample for 30min in 100µls of 4x sodium dodecyl sulfate 

(SDS)-loading buffer, containing 0.1M DTT. 

 

Mass spectrometry  

Proteins were resolved in a 15% polyacrylamide SDS-PAGE gel, 

visualized by Colloidal Blue Staining Kit (ThermoFisher) and prepared for 

142



 

nanoflow LC-MS/MS analysis. SDS-PAGE gel lanes were cut into 1-mm 

slices and protein were subjected to in-gel reduction with dithiothreitol, 

alkylation with iodoacetamide and digested with trypsin (TPCK Trypsin, 

ThermoScientific, Rockford, IL, USA), as described previously 

(Schwertman et al., 2012). Peptides were extracted from the gel blocks in 

30 % acetonitrile (Biosolve) and 0.5 % formic acid (Biosolve) and dried 

in a SpeedVac Vacuum Concentrator (ThermoFisher). Samples were 

analyzed by LC-MS/MS on a 20 cm x 75 µm C18 column (BEH C18, 130 

Å, 3.5 µm, Waters) after trapping on a nanoAcquity UPLC Symmetry C18 

trapping column (Waters, 100 Å, 5 µm, 180 µm x 20 mm) on an EASY-

nLC 1000 coupled to a Fusion Tribrid Orbitrap mass spectrometer 

(ThermoFisher Scientific), essentially as described in (Sap et al., 2017). 

Data analysis was performed with the Mascot software suite (Daemon 

version 2.3.2 and Distiller version 2.3.02, Matrix Science) within the 

Proteome Discoverer (version 2.2, ThermoFisher Scientific) framework. 

Spectra were searched against a Uniprot database (version April 2017, 

taxonomy Homo sapiens) concatenated with a fasta database containing 

amino acid sequences of the triple tagged dCas9 (HA, V5, 3xFLAG) 

construct. Protein Mascot scores and peptide numbers were taken directly 

from the Mascot output and reported. The same procedure was used to 

analyze input samples for the protocol characterization (Supplementary 

Figure 3). Heat maps were generated using MORPHEUS 

(http://software.broadintistute.org/morpheus/index.html). 

 

Chromatin quality control  

100µl aliquots of chromatin were taken per each batch of the purification 

protocol, resuspended in 500µls of ChIP elution buffer and, after addition 

of 24µl 5M NaCl (200mM final concentration), decrosslinked overnight 

at 65°C on a heat block. DNA isolation was then performed using phenol-

chloroform isoamyl isolation method and ethanol precipitation in the 

presence of glycogen as a carrier. The DNA pellet was resuspended in 

100µls of nuclease-free water. 5µls of DNA was then mixed with sample 

4x sample buffer and run on a 1% agarose DNA electrophoreses gel to 

check for fragmentation between 200 and 500bps.  

 

 

143



 

ChIP- qPCR 

Real-time qPCR was used to detect the specific enrichment of the 5’-LTR 

locus at a DNA level after the ChIP procedure. Reactions of 10 µl were 

performed with the GoTaq qPCR Master Mix kit (Promega) in a CFX 

Connect Real-Time PCR thermocycler (Biorad) Relative quantitation was 

calculated with the 2-ΔCt method where relative enrichment over the 

adjusted DNA input was used for data representation.  

To evaluate IKZF1, CBX8 and SUZ12 binding to the HIV-1 promoter and 

histone marks profile a smaller scale ChIP experiment (50 million cells) 

with identical preparation of the chromatin input as for the mass 

spectrometry experiment. For the immunoprecipitation, protein G-beads 

or A-beads were used in combination with the anti-IKZF1 antibody (Cell 

signal technology), anti-SUZ12 (abcam), anti CBX8 (homemade) and 

histone antibodies: Histone H3 (abcam), histone H3K27me3 (Millipore), 

H3K4me3 (Millipore), H3K9me3 (Abcam). DNA was PCI extracted and 

used to evaluate the enrichment of ChIP-Ikaros at the HIV-1 5’LTR by the 

same primer sets summarized in the key resources table. Antibodies used 

are summarized in the Key resource table.  

 

ChIP-Sequencing data analysis 

In order to align the short reads produced by the ChIP-Seq procedure and 

also capture reads mapped to the HIV genome, we constructed a custom 

version of the human genome (UCSC version hg38) where we attached 

the HIV genome as an additional chromosome. We used the HIV strain 

K03455.1 (https://www.ncbi.nlm.nih.gov/nuccore/K03455). 

Subsequently, the resulting genome was indexed and reads were aligned 

with bwa 0.7.17 (1) and the bwa mem algorithm. In order to compensate 

for differences in library sizes between ChIP and Input DNA sequencing 

samples, the total number of reads of each sample was equalized by 

uniformly downsampling reads relatively to the sample with the lower 

number of reads. ChIP peaks were then called with MACS2 (2) using 

default parameters. The peaks returned by MACS2 were further filtered 

by i) imposing an additional MACS FDR threshold of 0.1%, ii) excluding 

peaks demonstrating a fold enrichment less than 3 in log2 scale (where 

fold enrichment is the ratio of normalized reads under a peak area in the 
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ChIP sample to the respective number of normalized reads in the Input 

DNA sample). Finally, in order to visualize the ChIP-Seq signals, we 

constructed a custom UCSC track hub based on the combined hg38-HIV 

genomes using instructions and tools provided by UCSC (Li and Durbin, 

2010; Zhang et al., 2008).  

 

 

Production of shRNA lentiviral vectors  

Lentiviral constructs containing the desired shRNA sequence were 

amplified from bacterial glycerol stocks obtained in house from the 

Erasmus Center for Biomics and part of the MISSION® shRNA library 

(sigma). Briefly, 5.0 x 106 HEK293T cells were plated in a 10 cm dish and 

transfected with 12,5 μg of plasmids mix. 4,5 μg of pCMVΔR8.9 

(envelope), 2 μg of pCMV-VSV-G (packaging) and 6ug of shRNA vector 

were mixed in 500 μL serum-free DMEM and combined with 500 μL 

DMEM containing 125 μL of 10 mM polyethyleneimine (PEI, Sigma). 

The resulting 1 mL mixture was applied to HEK293T cells after 15 min 

incubation at room temperature. The transfection mix was removed after 

12 hr and replaced with fresh RPMI medium. Virus-containing medium 

was harvested twice and replaced with fresh medium at 36 hours 48 hr, 60, 

72 hr post-transfection. After each harvest, the collected medium was 

filtered through a cellulose acetate membrane (0.45 μm pore) and used 

directly for shRNA infections or stored at -80°C for subsequent use. 

Lentivaral vectors used in the study are summarized in the summarized the 

key resources table. 

 

Flow Cytometry of J-lat 11.1 

GFP expression in the J-Lat cell lines was analyzed by Flow Cytometry. 

The live-cell population was defined by using the forward scatter area 

versus side scatter area profiles (FSC-A, SSC-A). Single cells were then 

gated by using forward scatter height (FSC-H) versus forward scatter 

width (FSC-W) and side scatter height (SSC-H) versus side scatter width 

(SSC-W). GFP intensity to differentiate between GFP-positive and 

negative cells. Between 2 - 4x105 events were collected per sample on an 

LSR Fortessa (BD Biosciences) and analyzed using FlowJo software 

(version 9.7.4, Tree Star). 
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Fluorescence microscopy 

Fluorescence microscopy and bright field pictures of J-Lat 11.1 cells in the 

absence and presence of PMA were acquired using 

an Olympus IX70 Fluorescence Phase Contrast inverted Microscope.  

 

 

 

Total RNA Isolation and quantitative real-time PCR (RT-qPCR) 

Total RNA was isolated from the cells using Trizol (Thermo Fisher) and 

the Total RNA Zol out kit (A&A Biotechnology) and residual genomic 

DNA digested with DNAseI (Life technologies). cDNA synthesis 

reactions were performed with Superscript II Reverse Transcriptase (Life 

Technologies) kit following with random priming and manufacturer’s 

instructions. RT-qPCR reactions were conducted CFX Connect Real-Time 

PCR Detection System thermocycler (BioRad) using GoTaq qPCR Master 

Mix (Promega) following manufacturer protocol. Amplification was 

performed on the 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. The 

specificity of the RT-qPCR products was assessed by melting curve 

analysis. Primers used for real-time PCR are listed in Table 1. Expression 

data was calculated using 2-ΔΔCt method by Livak Schmittgen 

(Schmittgen and Livak, 2008). Cyclophilin A (CyPA), GAPDH and β2 

microglobulin (B2M) were used as housekeeping genes for the analysis.  

 

Isolation and ex vivo infection of primary CD4+ T cells 

 

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll 

density gradient sedimentation of buffy coats from healthy donors (GE 

Healthcare). Total CD4+ T cells were separated by negative selection 

using EasySep Human CD4+ T Cell Enrichment Cocktail (StemCell 

Technologies). Primary CD4+ T cells were plated at a concentration of 

1,5x10 6 cells/mL left overnight for recovery. HIV-1 latency ex vivo model 

was generated by spinoculation according to Lassen and Greene method 

as described elsewhere (Lassen et al., 2012). Pseudotyped viral particles 
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were obtained from co-transfecting HEK 293T cells with HXB2 Env and 

pNL4.3.Luc.R-E- plasmids using PEI. Supernatants were collected at 48 

and 72h post-transfection, filtered with a 0.45 µM filter and stored at -

80oC. Expression vectors HXB2 Env and pNL4.3.Luc.R-E- were donated 

by Dr. Nathaniel Landau and Drs. Kathleen Page and Dan Littman, 

respectively. Antiretroviral drugs Saquinavir Mesylate and Raltegravir 

were kindly provided by the Centre for AIDS reagents, NIBSC. 

Flow cytometry for T cells activation and toxicity assay 

Primary CD4+ T cells isolated from buffy coats of healthy volunteers were 

treated with 10uM of iberdomide, 500nM of JQ1, or both compounds, with 

PMA/ionomycin used as a positive control. The cells were examined by 

flow-cytometry at 24 and 48 hours, live cells were gated using forward 

scatter area versus side scatter area profiles (FSC-A, SSC-A). Cells were 

then stained for expression of Annexin V to examine the percentage of 

cells undergoing apoptosis and with the surface receptor CD69 to measure 

T cells activation. For Annexin V and CD69 staining, 106 cells were 

washed with PBS supplemented with 3% FBS and 2.5 mM CaCl2 

followed by staining with Annexin V-PE (Becton and Dickinson), CD69-

FITC (eBIOSCIENCE) for 20 minutes at 4C in the presence of 2.5 mM 

CaCl2. Cells were then washed with PBS/FBS/CaCl2 and analyzed by 

flow cytometry. Between 2 - 4x105 events were collected per sample 

within 3 hours after staining on an LSRFortessa (BD Biosciences, 4 lasers, 

18 parameters) and analyzed using FlowJo software (version 9.7.4, Tree 

Star). 

 

T cell proliferation and functionality assay 

 

To analyze the effect of the LRA on CD8+ and CD4+ T cells,  proliferation 

and cytokine expression were analyzed by flow cytometry. Primary CD8+ 

and CD4+ T cells were isolated  from buffy coats form healthy donors by 

Ficoll gradient (GE Healthcare) followed by negative selection with 

RosetteSep Human CD8+ T Cell Enrichment Cocktail or RosetteSep 

Human CD4+ T Cell Enrichment Cocktail (StemCell Technologies) 

respectively. Isolated cells were left overnight for recovery. To analyze T 

cell proliferation capacity, 1 million CD8+ or CD4+ T cells were stained 
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with 0,07 uM CellTrace Far Red Cell Proliferation dye (ThermoFisher 

Scientific) following manufacturer’s instructions. Cells were then 

cultivated for 72 hours with either unstimulated or stimulated conditions 

in the presence of the LRA, and analyzed by flow cytometry. Stimulation 

of T cells was performed using Anti-CD3/CD28 coated Dynabeads 

(ThermoFisher Scientific) following manufacturer’s protocol. 

Proliferation capacity was determined by a decrease in proliferation dye 

intensity in daughter cells upon cell division. To analyze T cell 

functionality by means of cytokine expression 1 million CD8+ or CD4+ T 

cells were left untreated or treated with the LRA for 18 hours. Cells were 

then left unstimulated or stimulated with 50 ng/mL PMA and 1uM 

Ionomycin for 7 hours in the presence of a protein transport inhibitor (BD 

GolgiPlugTM, BD Biosciences).  To stain for intracellular cytokines cells 

were washed with PBS supplemented with 3% FBS followed by a fixation 

and permeabilization step with FIX & PERM Kit (Invitrogen) following 

manufacturer’s protocol and incubated with 1:25 BV510 anti-IL2 

(563265, BD Biosciences) and PE-Cy7 anti-IFNg (27-7319-41, 

eBioscience) in permeabilization buffer for 45 minutes at 4C. Stained cells 

were washed with PBS supplemented with 3% FBS and analyzed by flow 

cytometry. 

 

HIV-1 latency reversal in primary CD4+ T cells isolated from 

aviremic patients 

 

Primary CD4+ T cells from 5 aviremic patients (maintained viremia below 

50 copies/mL for at least two years) were isolated as described previously 

(Stoszko et al., 2016). Two million CD4+ T cells were plated at the cell 

density of 106/ml and treated as indicated. After 16 hours cells were lysed 

in TRI reagent and RNA was isolated with Total RNA Zol-out kit (A&A 

Biotechnology), cDNA synthesis was performed as described above. 

Absolute quantification of cell-associated HIV-1 gag RNA was performed 

in a nested PCR as described previously (Pasternak et al., 2008). Briefly, 

first round of amplification was performed in a final volume of 25 μl using 

4 μl of cDNA, 2.5 μl of 10× PCR buffer (Life Technologies), 1 μl of 50mM 

MgCl2 (Life Technologies), 1 μl of 10 mM dNTPs (Life Technologies), 

0.075 μl of 100 μM Gag Forward primer, 0.075 of 100 μM SK437 Reverse 
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primer, and 0.2 μl Platinum Taq polymerase (Life Technologies). The 

second round of amplification was performed in a final volume of 25 μl 

using 2 μl of pre-amplified cDNA, 2.5 μl of 10× PCR buffer (Life 

Technologies), 1 μl of 50mM MgCl2 (Life Technologies), 1 μl of 10 mM 

dNTPs (Life Technologies), 0.05 μl of 100 μM Gag Forward primer, 0.05 

μl of 100 μM Gag Reverse primer, 0.075 μl of 50 μM Gag Probe and 0.2 

μl Platinum Taq polymerase. The absolute number of gag copies in the 

PCR was calculated using a standard curve ranging from 8 to 512 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.  

The study was conducted according to the ethical principles of the 

Declaration of Helsinki. All patients involved in the study gave their 

written informed consent. The study protocol and any amendment were 

approved by The Netherlands Medical Ethics Committee (MEC-2012-

583). 

 

STATISTICAL ANALYSIS  

 

Statistical analysis was conducted as indicated in the figure legends using 

Prism version 8.3.0 (GraphPad software). 

 

 

KEY RESOURCES TABLE 

 

Reagent  Source Identifier 

Antibodies     

Cas9 antibody (mAb) Active Motif 61577 

Monoclonal ANTI-
FLAG_ M2 antibody 
produced in mouse 

Sigma F3165-.2MG 

Mouse monoclonal 
V5 Tag 

Invitrogen  46-0705 

HA tag antibody Abcam ab18181 

Anti-Flag M2 affinity 
gel 

Sigma A-2220 
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Anti-V5 Agarose 
Affinity Gel antibody 
produced in mouse 

Sigma A7345-1ml 

Anti-Tubulin antibody 
[YL1/2] 

Abcam ab6160 

Anti-HA Agarose Pierce 26181 

Ikaros (D10E5) 
Rabbit mAb 

Cell Signaling 
Techn 

#CST081119Q 

Anti-Ikaros antibody - 
N-terminal 

Abcam ab229275 

anti mouse HRP 
antibody 

Promega W4021 

anti Rabbit HRP 
antibody 

Sigma A0545 

Anti-Histone H2B 
antibody - ChIP 
Grade 

Abcam ab1790 

Histone H3 antibody - 
ChIP Grade 

Abcam  ab1791-100 

Anti-timethyl-Histone 
H3 (Lys4) Antibody 

Millipore 07-030 

Anti-Histone H3 (tri 
methyl K9) antibody - 
ChIP Grade 

Abcam ab8898 

Anti-trimethyl-Histone 
H3 (Lys27) Antibody 

Millipore 07-449 

Antibody: donkey anti 
goat IgG HRP 

Promega V8051 

Annexin V-PE  
Becton and 
Dickinson 

559763 

CD69-FITC  
eBIOSCIENC
E 

11-0699-42 

Chemicals, peptides and recombinant proteins 

anhydrous DMSO Sigma 276855-100ml 

Iberdomide 
MedChemEx
press 

HY-101291 

JQ1 
Cayman 
Chemical 

11187-1 

Phorbol 12 myristate 
13 acetate (PMA) 

Sigma P8139 

Random Primers Invitrogen 48190-011 

DNaseI amplification 
grade 

Invitrogen 18068-015 

Superscript II 
Reverse 
Transcriptase 

Invitrogen 18064-014 

Oligo(dT)12-18 
Primer 

Invitrogen 18418-012 

100 mM dNTP Set Invitrogen 10297-018 

Formaldehyde 
methanol free 16% 

Polyscience 
Inc. 

18814 
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Gliotoxin ApexBio A4443 

Commercial Assays 

GoTaq qPCR 
Mastermix 

Promega A6002 

Platinum Taq DNA 
Polymerase 

Invitrogen 10966-050 

Easy sep human 
CD4 T-cell 
enrichment kit 

Stem Cell 
Technologies 

19052 

Ficoll Paque Plus 
GE 
Healthcare 

17-1440-02 

Total RNA Zol-Out A en A 030-100 

GenElute plasmid 
Mini prep kit 

Sigma PLN350 

Plasmid Midi AX A en A A en A 

Pure Link Maxiprep 
kit 

Invitrogen K210017 

Nano-Glo® 
Luciferase Assay 
System 

Promega N1120 

Supersignal West 
Pico 

Thermo 
Scientific 

345788 

Supersignal West 
Femto 

Thermo 
Scientific 

34095 

Colloidal Blue 
Staining Kit  

Thermo 
Scientific 

LC6025 

Cell Line 
Nucleofector Kit R 

Lonza VVCA-1001 

Deposited Data 

Mass spectrometry this paper  (link) 

Western blot original 
scans 

this paper  (link) 

Experimental models: cell lines 

J-Lat A2 
(Jordan et al., 
2003) 

NIH AIDS Reagent Program  

J-Lat 11.1 
(Jordan et al., 
2003) 

NIH AIDS Reagent Program 

HeK 293T ATCC CRL-3216 

Experimental Models: Organisms/Strains 

DH5a Thermo 18265017 

Recombinant DNA 

sh IKZF1 #1 Sigma TRCN0000107874 

sh IKZF1 #2 Sigma TRCN0000107871 

sh CDC73 Sigma TRCN0000008728 

sh Control Sigma SHC002 
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sh CTR9 Sigma TRCN0000008739 

sh DKC1 Sigma TRCN0000352996 

sh NFRKB Sigma TRCN0000014868 

sh HP1BP3 Sigma TRCN0000180320 

sh CHD1 Sigma TRCN0000021309 

sh DDX3Y Sigma TRCN0000000020 

sh EED Sigma TRCN0000021204 

sh SIN3A Sigma TRCN0000021774 

sh SUZ12 Sigma TRCN0000038724 

UBE2I Sigma TRCN0000007205 

FAM19A2 Sigma TRCN0000138849 

CBX8 Sigma TRCN0000363282 

HMG20A Sigma TRCN0000015578 

UCHL5 Sigma TRCN0000234906 

RNGTT Sigma TRCN0000284836 

PRPF6 Sigma TRCN0000293597 

PNN Sigma TRCN0000072278 

DDX39 Sigma TRCN0000050668 

Lentiviral packaging 
construct 
pCMVDR8.91 

(Naldini et., 
1996) 

N/A 

VSV-G glycoprotein-
expressing vector 

(Naldini et., 
1996) 

N/A 

Plasmid: SpCas9n-
2A-Puro V2.0 

(Ran et al., 
2013) 

62987 

Oligonucleotides 

PCR primers 

Integrated 
DNA 
Technologies 
IDT  

Softwares and Algorithms 

Prism version 8.3.0  GraphPad 
https://www.graphpad.com/scientific-
software/prism/ 

Morpheus 
heatmapper 

Broad 
institute 

https://software.broadinstitute.org/morpheus/ 

Proteome Discoverer 
ThermoFisher 
Scientific 

https://www.thermofisher.com/order/catalog/pr
oduct/OPTON-30812 

Mascot Daemon 
Matrix 
Science 

http://www.matrixscience.com/daemon_install.
html 

 

 

152



 

  

153



 

REFERENCES 

Battivelli, E., Dahabieh, M.S., Abdel-Mohsen, M., Svensson, J.P., Tojal    Da Silva, I., 

Cohn, L.B., Gramatica, A., Deeks, S., Greene, W.C., Pillai, S.K., et al. (2018). 

Distinct chromatin functional states correlate with HIV latency reactivation in 

infected primary CD4(+) T cells. Elife 7. 

Bjorklund, C.C., Kang, J., Amatangelo, M., Polonskaia, A., Katz, M., Chiu, H., Couto, 

S., Wang, M., Ren, Y., Ortiz, M., et al. (2020). Iberdomide (CC-220) is a potent 

cereblon E3 ligase modulator with antitumor and immunostimulatory activities 

in lenalidomide- and pomalidomide-resistant multiple myeloma cells with 

dysregulated CRBN. Leukemia 34, 1197-1201. 

Bottardi, S., Mavoungou, L., and Milot, E. (2015). IKAROS: a multifunctional regulator 

of the polymerase II transcription cycle. Trends Genet 31, 500-508. 

Boutboul, D., Kuehn, H.S., Van de Wyngaert, Z., Niemela, J.E., Callebaut, I., Stoddard, 

J., Lenoir, C., Barlogis, V., Farnarier, C., Vely, F., et al. (2018). Dominant-

negative IKZF1 mutations cause a T, B, and myeloid cell combined 

immunodeficiency. J Clin Invest 128, 3071-3087. 

Bracken, A.P., Dietrich, N., Pasini, D., Hansen, K.H., and Helin, K. (2006). Genome-

wide mapping of Polycomb target genes unravels their roles in cell fate 

transitions. Genes Dev 20, 1123-1136. 

Byrum, S.D., Raman, A., Taverna, S.D., and Tackett, A.J. (2012). ChAP-MS: a method 

for identification of proteins and histone posttranslational modifications at a 

single genomic locus. Cell Rep 2, 198-205. 

Chalkley, G.E., and Verrijzer, C.P. (2004). Immuno-depletion and purification strategies 

to study chromatin-remodeling factors in vitro. Methods Enzymol 377, 421-442. 

Chen, B., Gilbert, L.A., Cimini, B.A., Schnitzbauer, J., Zhang, W., Li, G.W., Park, J., 

Blackburn, E.H., Weissman, J.S., Qi, L.S., et al. (2013). Dynamic imaging of 

genomic loci in living human cells by an optimized CRISPR/Cas system. Cell 

155, 1479-1491. 

Chun, T.W., Justement, J.S., Lempicki, R.A., Yang, J., Dennis, G., Jr., Hallahan, C.W., 

Sanford, C., Pandya, P., Liu, S., McLaughlin, M., et al. (2003). Gene expression 

and viral prodution in latently infected, resting CD4+ T cells in viremic versus 

aviremic HIV-infected individuals. Proc Natl Acad Sci U S A 100, 1908-1913. 

Cismasiu, V.B., Paskaleva, E., Suman Daya, S., Canki, M., Duus, K., and Avram, D. 

(2008). BCL11B is a general transcriptional repressor of the HIV-1 long 

terminal repeat in T lymphocytes through recruitment of the NuRD complex. 

Virology 380, 173-181. 

Coull, J.J., Romerio, F., Sun, J.M., Volker, J.L., Galvin, K.M., Davie, J.R., Shi, Y., 

Hansen, U., and Margolis, D.M. (2000). The human factors YY1 and LSF 

repress the human immunodeficiency virus type 1 long terminal repeat via 

recruitment of histone deacetylase 1. J Virol 74, 6790-6799. 

Davis, K.L. (2011). Ikaros: master of hematopoiesis, agent of leukemia. Ther Adv 

Hematol 2, 359-368. 

Dejardin, J., and Kingston, R.E. (2009). Purification of proteins associated with specific 

genomic Loci. Cell 136, 175-186. 

Diaz, T., Rodriguez, V., Lozano, E., Mena, M.P., Calderon, M., Rosinol, L., Martinez, 

A., Tovar, N., Perez-Galan, P., Blade, J., et al. (2017). The BET bromodomain 

inhibitor CPI203 improves lenalidomide and dexamethasone activity in in vitro 

and in vivo models of multiple myeloma by blockade of Ikaros and MYC 

signaling. Haematologica 102, 1776-1784. 

154



 

Dieudonne, M., Maiuri, P., Biancotto, C., Knezevich, A., Kula, A., Lusic, M., and 

Marcello, A. (2009). Transcriptional competence of the integrated HIV-1 

provirus at the nuclear periphery. EMBO J 28, 2231-2243. 

Fecteau, J.F., Corral, L.G., Ghia, E.M., Gaidarova, S., Futalan, D., Bharati, I.S., Cathers, 

B., Schwaederle, M., Cui, B., Lopez-Girona, A., et al. (2014). Lenalidomide 

inhibits the proliferation of CLL cells via a cereblon/p21(WAF1/Cip1)-

dependent mechanism independent of functional p53. Blood 124, 1637-1644. 

Fuchs, O. (2019). Treatment of Lymphoid and Myeloid Malignancies by 

Immunomodulatory Drugs. Cardiovasc Hematol Disord Drug Targets 19, 51-

78. 

Gandhi, A.K., Kang, J., Havens, C.G., Conklin, T., Ning, Y., Wu, L., Ito, T., Ando, H., 

Waldman, M.F., Thakurta, A., et al. (2014). Immunomodulatory agents 

lenalidomide and pomalidomide co-stimulate T cells by inducing degradation of 

T cell repressors Ikaros and Aiolos via modulation of the E3 ubiquitin ligase 

complex CRL4(CRBN.). Br J Haematol 164, 811-821. 

Gauchier, M., van Mierlo, G., Vermeulen, M., and Dejardin, J. (2020). Purification and 

enrichment of specific chromatin loci. Nat Methods 17, 380-389. 

Geimer Le Lay, A.S., Oravecz, A., Mastio, J., Jung, C., Marchal, P., Ebel, C., Dembele, 

D., Jost, B., Le Gras, S., Thibault, C., et al. (2014). The tumor suppressor Ikaros 

shapes the repertoire of notch target genes in T cells. Sci Signal 7, ra28. 

Georgopoulos, K. (2017). The making of a lymphocyte: the choice among disparate cell 

fates and the IKAROS enigma. Genes Dev 31, 439-450. 

Goffin, V., Demonte, D., Vanhulle, C., de Walque, S., de Launoit, Y., Burny, A., Collette, 

Y., and Van Lint, C. (2005). Transcription factor binding sites in the pol gene 

intragenic regulatory region of HIV-1 are important for virus infectivity. Nucleic 

Acids Res 33, 4285-4310. 

Grau-Exposito, J., Luque-Ballesteros, L., Navarro, J., Curran, A., Burgos, J., Ribera, E., 

Torrella, A., Planas, B., Badia, R., Martin-Castillo, M., et al. (2019). Latency 

reversal agents affect differently the latent reservoir present in distinct CD4+ T 

subpopulations. PLoS Pathog 15, e1007991. 

Grau-Exposito, J., Serra-Peinado, C., Miguel, L., Navarro, J., Curran, A., Burgos, J., 

Ocana, I., Ribera, E., Torrella, A., Planas, B., et al. (2017). A Novel Single-Cell 

FISH-Flow Assay Identifies Effector Memory CD4(+) T cells as a Major Niche 

for HIV-1 Transcription in HIV-Infected Patients. mBio 8. 

Hamperl, S., Brown, C.R., Perez-Fernandez, J., Huber, K., Wittner, M., Babl, V., Stockl, 

U., Boeger, H., Tschochner, H., Milkereit, P., et al. (2014). Purification of 

specific chromatin domains from single-copy gene loci in Saccharomyces 

cerevisiae. Methods Mol Biol 1094, 329-341. 

Harr, J.C., Luperchio, T.R., Wong, X., Cohen, E., Wheelan, S.J., and Reddy, K.L. (2015). 

Directed targeting of chromatin to the nuclear lamina is mediated by chromatin 

state and A-type lamins. J Cell Biol 208, 33-52. 

Huang, H., Santoso, N., Power, D., Simpson, S., Dieringer, M., Miao, H., Gurova, K., 

Giam, C.Z., Elledge, S.J., and Zhu, J. (2015). FACT Proteins, SUPT16H and 

SSRP1, Are Transcriptional Suppressors of HIV-1 and HTLV-1 That Facilitate 

Viral Latency. J Biol Chem 290, 27297-27310. 

Ide, S., and Dejardin, J. (2015). End-targeting proteomics of isolated chromatin segments 

of a mammalian ribosomal RNA gene promoter. Nat Commun 6, 6674. 

Jordan, A., Bisgrove, D., and Verdin, E. (2003). HIV reproducibly establishes a latent 

infection after acute infection of T cells in vitro. EMBO J 22, 1868-1877. 

155



 

Karn, J., and Stoltzfus, C.M. (2012). Transcriptional and posttranscriptional regulation of 

HIV-1 gene expression. Cold Spring Harb Perspect Med 2, a006916. 

Khan, S., Iqbal, M., Tariq, M., Baig, S.M., and Abbas, W. (2018). Epigenetic regulation 

of HIV-1 latency: focus on polycomb group (PcG) proteins. Clin Epigenetics 

10, 14. 

Kim, Y., Anderson, J.L., and Lewin, S.R. (2018). Getting the "Kill" into "Shock and 

Kill": Strategies to Eliminate Latent HIV. Cell Host Microbe 23, 14-26. 

Kronke, J., Udeshi, N.D., Narla, A., Grauman, P., Hurst, S.N., McConkey, M., Svinkina, 

T., Heckl, D., Comer, E., Li, X., et al. (2014). Lenalidomide causes selective 

degradation of IKZF1 and IKZF3 in multiple myeloma cells. Science 343, 301-

305. 

Kustatscher, G., Wills, K.L., Furlan, C., and Rappsilber, J. (2014). Chromatin enrichment 

for proteomics. Nat Protoc 9, 2090-2099. 

Lassen, K.G., Hebbeler, A.M., Bhattacharyya, D., Lobritz, M.A., and Greene, W.C. 

(2012). A flexible model of HIV-1 latency permitting evaluation of many 

primary CD4 T-cell reservoirs. PLoS One 7, e30176. 

Lassen, K.G., Ramyar, K.X., Bailey, J.R., Zhou, Y., and Siliciano, R.F. (2006). Nuclear 

retention of multiply spliced HIV-1 RNA in resting CD4+ T cells. PLoS Pathog 

2, e68. 

Li, H., and Durbin, R. (2010). Fast and accurate long-read alignment with Burrows-

Wheeler transform. Bioinformatics 26, 589-595. 

Li, Z., Perez-Casellas, L.A., Savic, A., Song, C., and Dovat, S. (2011). Ikaros isoforms: 

The saga continues. World J Biol Chem 2, 140-145. 

Liu, X., Zhang, Y., Chen, Y., Li, M., Zhou, F., Li, K., Cao, H., Ni, M., Liu, Y., Gu, Z., et 

al. (2017). In Situ Capture of Chromatin Interactions by Biotinylated dCas9. Cell 

170, 1028-1043 e1019. 

Lu, G., Middleton, R.E., Sun, H., Naniong, M., Ott, C.J., Mitsiades, C.S., Wong, K.K., 

Bradner, J.E., and Kaelin, W.G., Jr. (2014). The myeloma drug lenalidomide 

promotes the cereblon-dependent destruction of Ikaros proteins. Science 343, 

305-309. 

Lusic, M., and Giacca, M. (2015). Regulation of HIV-1 latency by chromatin structure 

and nuclear architecture. J Mol Biol 427, 688-694. 

Ma, H., Tu, L.C., Naseri, A., Huisman, M., Zhang, S., Grunwald, D., and Pederson, T. 

(2016). CRISPR-Cas9 nuclear dynamics and target recognition in living cells. J 

Cell Biol 214, 529-537. 

Malik, B., and Hemenway, C.S. (2013). CBX8, a component of the Polycomb PRC1 

complex, modulates DOT1L-mediated gene expression through AF9/MLLT3. 

FEBS Lett 587, 3038-3044. 

Marke, R., van Leeuwen, F.N., and Scheijen, B. (2018). The many faces of IKZF1 in B-

cell precursor acute lymphoblastic leukemia. Haematologica 103, 565-574. 

Moros, A., Rodriguez, V., Saborit-Villarroya, I., Montraveta, A., Balsas, P., Sandy, P., 

Martinez, A., Wiestner, A., Normant, E., Campo, E., et al. (2014). Synergistic 

antitumor activity of lenalidomide with the BET bromodomain inhibitor CPI203 

in bortezomib-resistant mantle cell lymphoma. Leukemia 28, 2049-2059. 

Mousseau, G., and Valente, S.T. (2017). Role of Host Factors on the Regulation of Tat-

Mediated HIV-1 Transcription. Curr Pharm Des 23, 4079-4090. 

Mullighan, C.G., Su, X., Zhang, J., Radtke, I., Phillips, L.A., Miller, C.B., Ma, J., Liu, 

W., Cheng, C., Schulman, B.A., et al. (2009). Deletion of IKZF1 and prognosis 

in acute lymphoblastic leukemia. N Engl J Med 360, 470-480. 

156



 

Myers, S.A., Wright, J., Peckner, R., Kalish, B.T., Zhang, F., and Carr, S.A. (2018). 

Discovery of proteins associated with a predefined genomic locus via dCas9-

APEX-mediated proximity labeling. Nat Methods 15, 437-439. 

Ne, E., Palstra, R.J., and Mahmoudi, T. (2018). Transcription: Insights From the HIV-1 

Promoter. Int Rev Cell Mol Biol 335, 191-243. 

Ng, S.Y., Yoshida, T., Zhang, J., and Georgopoulos, K. (2009). Genome-wide lineage-

specific transcriptional networks underscore Ikaros-dependent lymphoid 

priming in hematopoietic stem cells. Immunity 30, 493-507. 

Nguyen, K., Das, B., Dobrowolski, C., and Karn, J. (2017). Multiple Histone Lysine 

Methyltransferases Are Required for the Establishment and Maintenance of 

HIV-1 Latency. mBio 8. 

Oravecz, A., Apostolov, A., Polak, K., Jost, B., Le Gras, S., Chan, S., and Kastner, P. 

(2015). Ikaros mediates gene silencing in T cells through Polycomb repressive 

complex 2. Nat Commun 6, 8823. 

Ott, M., Geyer, M., and Zhou, Q. (2011). The control of HIV transcription: keeping RNA 

polymerase II on track. Cell Host Microbe 10, 426-435. 

Palstra, R.J., de Crignis, E., Roling, M.D., van Staveren, T., Kan, T.W., van Ijcken, W., 

Mueller, Y.M., Katsikis, P.D., and Mahmoudi, T. (2018). Allele-specific long-

distance regulation dictates IL-32 isoform switching and mediates susceptibility 

to HIV-1. Sci Adv 4, e1701729. 

Pasternak, A.O., Adema, K.W., Bakker, M., Jurriaans, S., Berkhout, B., Cornelissen, M., 

and Lukashov, V.V. (2008). Highly sensitive methods based on seminested real-

time reverse transcription-PCR for quantitation of human immunodeficiency 

virus type 1 unspliced and multiply spliced RNA and proviral DNA. J Clin 

Microbiol 46, 2206-2211. 

Pereira, L.A., Bentley, K., Peeters, A., Churchill, M.J., and Deacon, N.J. (2000). A 

compilation of cellular transcription factor interactions with the HIV-1 LTR 

promoter. Nucleic Acids Res 28, 663-668. 

Pourfarzad, F., Aghajanirefah, A., de Boer, E., Ten Have, S., Bryn van Dijk, T., 

Kheradmandkia, S., Stadhouders, R., Thongjuea, S., Soler, E., Gillemans, N., et 

al. (2013). Locus-specific proteomics by TChP: targeted chromatin purification. 

Cell Rep 4, 589-600. 

Powell, M.D., Read, K.A., Sreekumar, B.K., and Oestreich, K.J. (2019). Ikaros Zinc 

Finger Transcription Factors: Regulators of Cytokine Signaling Pathways and 

CD4(+) T Helper Cell Differentiation. Front Immunol 10, 1299. 

Rafati, H., Parra, M., Hakre, S., Moshkin, Y., Verdin, E., and Mahmoudi, T. (2011). 

Repressive LTR nucleosome positioning by the BAF complex is required for 

HIV latency. PLoS Biol 9, e1001206. 

Rathore, A., Iketani, S., Wang, P., Jia, M., Sahi, V., and Ho, D.D. (2020). CRISPR-based 

gene knockout screens reveal deubiquitinases involved in HIV-1 latency in two 

Jurkat cell models. Sci Rep 10, 5350. 

Rojas-Araya, B., Ohlmann, T., and Soto-Rifo, R. (2015). Translational Control of the 

HIV Unspliced Genomic RNA. Viruses 7, 4326-4351. 

Roux, K.J., Kim, D.I., Raida, M., and Burke, B. (2012). A promiscuous biotin ligase 

fusion protein identifies proximal and interacting proteins in mammalian cells. 

J Cell Biol 196, 801-810. 

Sap, K.A., Bezstarosti, K., Dekkers, D.H.W., Voets, O., and Demmers, J.A.A. (2017). 

Quantitative Proteomics Reveals Extensive Changes in the Ubiquitinome after 

Perturbation of the Proteasome by Targeted dsRNA-Mediated Subunit 

Knockdown in Drosophila. J Proteome Res 16, 2848-2862. 

157



 

Schafer, P.H., Ye, Y., Wu, L., Kosek, J., Ringheim, G., Yang, Z., Liu, L., Thomas, M., 

Palmisano, M., and Chopra, R. (2018). Cereblon modulator iberdomide induces 

degradation of the transcription factors Ikaros and Aiolos: immunomodulation 

in healthy volunteers and relevance to systemic lupus erythematosus. Ann 

Rheum Dis 77, 1516-1523. 

Schmidtmann, E., Anton, T., Rombaut, P., Herzog, F., and Leonhardt, H. (2016). 

Determination of local chromatin composition by CasID. Nucleus 7, 476-484. 

Schmittgen, T.D., and Livak, K.J. (2008). Analyzing real-time PCR data by the 

comparative C(T) method. Nat Protoc 3, 1101-1108. 

Schwertman, P., Lagarou, A., Dekkers, D.H., Raams, A., van der Hoek, A.C., Laffeber, 

C., Hoeijmakers, J.H., Demmers, J.A., Fousteri, M., Vermeulen, W., et al. 

(2012). UV-sensitive syndrome protein UVSSA recruits USP7 to regulate 

transcription-coupled repair. Nat Genet 44, 598-602. 

Schwickert, T.A., Tagoh, H., Gultekin, S., Dakic, A., Axelsson, E., Minnich, M., Ebert, 

A., Werner, B., Roth, M., Cimmino, L., et al. (2014). Stage-specific control of 

early B cell development by the transcription factor Ikaros. Nat Immunol 15, 

283-293. 

Siliciano, J.D., Kajdas, J., Finzi, D., Quinn, T.C., Chadwick, K., Margolick, J.B., Kovacs, 

C., Gange, S.J., and Siliciano, R.F. (2003). Long-term follow-up studies confirm 

the stability of the latent reservoir for HIV-1 in resting CD4+ T cells. Nat Med 

9, 727-728. 

Siliciano, J.M., and Siliciano, R.F. (2015). The Remarkable Stability of the Latent 

Reservoir for HIV-1 in Resting Memory CD4+ T Cells. J Infect Dis 212, 1345-

1347. 

Song, C., Pan, X., Ge, Z., Gowda, C., Ding, Y., Li, H., Li, Z., Yochum, G., Muschen, M., 

Li, Q., et al. (2016). Epigenetic regulation of gene expression by Ikaros, HDAC1 

and Casein Kinase II in leukemia. Leukemia 30, 1436-1440. 

Stoszko, M., De Crignis, E., Rokx, C., Khalid, M.M., Lungu, C., Palstra, R.J., Kan, T.W., 

Boucher, C., Verbon, A., Dykhuizen, E.C., et al. (2016). Small Molecule 

Inhibitors of BAF; A Promising Family of Compounds in HIV-1 Latency 

Reversal. EBioMedicine 3, 108-121. 

Stoszko, M., Ne, E., Abner, E., and Mahmoudi, T. (2019). A broad drug arsenal to attack 

a strenuous latent HIV reservoir. Curr Opin Virol 38, 37-53. 

Sun, L., Liu, A., and Georgopoulos, K. (1996). Zinc finger-mediated protein interactions 

modulate Ikaros activity, a molecular control of lymphocyte development. 

EMBO J 15, 5358-5369. 

Tsui, C., Inouye, C., Levy, M., Lu, A., Florens, L., Washburn, M.P., and Tjian, R. (2018). 

dCas9-targeted locus-specific protein isolation method identifies histone gene 

regulators. Proc Natl Acad Sci U S A 115, E2734-E2741. 

Turner, A.W., Dronamraju, R., Potjewyd, F., James, K.S., Winecoff, D.K., Kirchherr, 

J.L., Archin, N.M., Browne, E.P., Strahl, B.D., Margolis, D.M., et al. (2020). 

Evaluation of EED Inhibitors as a Class of PRC2-Targeted Small Molecules for 

HIV Latency Reversal. ACS Infect Dis 6, 1719-1733. 

Vermeulen, M., and Dejardin, J. (2020). Locus-specific chromatin isolation. Nat Rev Mol 

Cell Biol 21, 249-250. 

Vidal, M., and Starowicz, K. (2017). Polycomb complexes PRC1 and their function in 

hematopoiesis. Exp Hematol 48, 12-31. 

Waldrip, Z.J., Byrum, S.D., Storey, A.J., Gao, J., Byrd, A.K., Mackintosh, S.G., Wahls, 

W.P., Taverna, S.D., Raney, K.D., and Tackett, A.J. (2014). A CRISPR-based 

158



 

approach for proteomic analysis of a single genomic locus. Epigenetics 9, 1207-

1211. 

Yukl, S.A., Kaiser, P., Kim, P., Telwatte, S., Joshi, S.K., Vu, M., Lampiris, H., and Wong, 

J.K. (2018). HIV latency in isolated patient CD4(+) T cells may be due to blocks 

in HIV transcriptional elongation, completion, and splicing. Sci Transl Med 10. 

Zhang, J., Jackson, A.F., Naito, T., Dose, M., Seavitt, J., Liu, F., Heller, E.J., Kashiwagi, 

M., Yoshida, T., Gounari, F., et al. (2011). Harnessing of the nucleosome-

remodeling-deacetylase complex controls lymphocyte development and 

prevents leukemogenesis. Nat Immunol 13, 86-94. 

Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., Nusbaum, 

C., Myers, R.M., Brown, M., Li, W., et al. (2008). Model-based analysis of 

ChIP-Seq (MACS). Genome Biol 9, R137. 

Zhao, Y., Karijolich, J., Glaunsinger, B., and Zhou, Q. (2016). Pseudouridylation of 7SK 

snRNA promotes 7SK snRNP formation to suppress HIV-1 transcription and 

escape from latency. EMBO Rep 17, 1441-1451. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

159



 

 

160



 

 

 

 

CHAPTER  .3 

 

 

 

A two-color haploid genetic screen 

identifies novel and druggable host factors 

in HIV latency 

Michael D Röling, Mahsa Mollapour Sisakht, Enrico Ne, Panagiotis 

Moulos, Mateusz Stoszko, Elisa De Crignis, Helen Bodmer, Tsung Wai 

Kan, Maryam Akbarzadeh, Vaggelis Harokopos, Thijn Brummelkamp, 

Pantelis Hatzis, Robert-Jan Palstra, Tokameh Mahmoudi* 

 

 

 

 

 

Roling et al. 2021, preprint 

https://www.biorxiv.org/content/10.1101/2021.01.20.427543v1 

161



 

 

162



A two-color haploid genetic screen identifies novel 

host factors involved in HIV latency 

Authors:  

Michael D Röling1, Mahsa Mollapour Sisakht1#, Enrico Ne1#, 

Panagiotis Moulos2#, Mateusz Stoszko1, Elisa De Crignis1, Helen 

Bodmer1, Tsung Wai Kan1, Maryam Akbarzadeh1, Vaggelis 

Harokopos2, Thijn Brummelkamp3, Pantelis Hatzis2, Robert-Jan 

Palstra1, Tokameh Mahmoudi1* 
# authors contributed equally 

 

Affiliations:  

 

1Department of Biochemistry, Erasmus University Medical Center, 

Ee634 PO Box 2040 3000CA Rotterdam, the Netherlands   

 

2 Institute for Fundamental Biomedical Research, Biomedical 

Sciences Research Center, Alexander Fleming', Fleming, Fleming 

Street 34, 16672, Vari, Greece 

 

3 NKI Amsterdam 

 

* Correspondence to: Tokameh Mahmoudi: 

t.mahmoudi@erasmusmc.nl   

163



Summary 

A reservoir of latent HIV-1-infected cells persists in the presence of 

combination antiretroviral therapy (cART), representing a major obstacle 

for viral eradication. Reactivation of the latent HIV-1 provirus is part of 

curative strategies which aim to promote clearance of the infected cells. 

To identify novel host factors as putative targets to reverse HIV latency, 

we performed an insertional mutagenesis two-color genetic screen in a 

latently HIV-1-infected pseudo-haploid KBM7 cell line (Hap-Lat). 

Following mutagenesis, re-activated GFP and mCherry double-positive 

cells harboring gene trap-mediated gene disruption together with HIV 

LTR-driven transcription, were sorted by flow cytometry and insertions 

were mapped to the genome by inverse PCR and high-throughput 

sequencing. Bioinformatic analysis using stringent thresholding resulted 

in the identification of 69 candidate host genes involved in maintaining 

HIV-1 latency. We used shRNA mediated depletion in latent HIV-1 

infected J-Lat A2 and 11.1 T cell lines to functionally validate a select set 

of candidate genes and confirmed ADK, CHD9, CMSS1, EVI2B, 

EXOSC8, FAM19A, GRIK5, IRF2BP2, NF1, and USP15 as novel host 

factors involved in the maintenance of HIV latency. Chromatin 

immunoprecipitation assays indicated that CHD9, a Chromodomain 

Helicase DNA-binding protein, maintains HIV latency via direct 

association with the HIV 5’LTR, and its depletion results in increased 

histone acetylation at the HIV-1 promoter, concomitant with HIV-1 

latency reversal. As FDA-approved inhibitors are available for three of the 

validated candidate genes—5-Iodotubercidin, Trametinib, and 

Topiramate, targeting ADK, NF1, and GRIK5, respectively—we tested 

their potential as latency reversal agents in J-Lats and a primary CD4+ T 

cell model of HIV latency. 5-Iodotubercidin exhibited significant 

cytotoxicity in both J-Lat and primary CD4+ T cells, while Trametinib 

reversed latency in J-Lat cells but not in latently HIV-1-infected primary 

CD4+ T cells. In contrast, the GRIK5 inhibitor, Topiramate, reversed 

latency both in cell-line models as well as in latent HIV-1 infected primary 

CD4+ T cells, without inducing T cell activation or significant toxicity. 

Thus, using an adaptation of a haploid forward genetic screen, we have 

identified novel potentially druggable host factors contributing to HIV-1 

latency. 
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INTRODUCTION 

Combination antiretroviral therapy (cART) has proven to 

effectively abrogate viral replication in HIV-1-infected patients and has 

substantially reduced AIDS-related mortality. However, cART is not 

curative and patients must remain on life-long medication regiments, as 

interruption of the therapy leads to rapid rebound of viral replication 

(Siliciano and Siliciano 2015). This is due to the persistence of a reservoir 

of latently infected cells, harboring replication-competent provirus 

blocked at the level of gene expression, that escape clearance by the 

immune system (Sengupta and Siliciano 2018). Therapeutic strategies 

toward HIV-1 cures aim to inactivate, reduce or completely eradicate the 

latent reservoir, such that, upon cessation of cART, the patient’s immune 

system can effectively control the infection or fully clear it (Sengupta and 

Siliciano 2018). Strategies aiming to reduce or eliminate the reservoir rely 

on drugs, termed latency-reversing agents (LRAs), capable of inducing the 

latent HIV infected cells to express viral genes to render infected cells 

susceptible to cytopathic effects and/or recognition and clearance by the 

immune system (Deeks 2012). Much focus has therefore been placed on 

finding small molecules for activating transcription of the latent HIV-1 

provirus, which are not cytotoxic and do not induce harmful T cell 

activation or proliferation.  

The identification of molecules capable of inducing HIV gene 

expression has been largely accomplished using candidate approaches, 

which build on existing knowledge of transcription factors and co-factors 

that bind to and regulate transcription at the HIV LTR (Ne, Palstra, and 

Mahmoudi 2018; Van Lint, Bouchat, and Marcello 2013; Pereira et al. 

2000). One of the most clinically studied classes of molecules in HIV 

latency reversal, HDAC inhibitors (HDACis) such as SAHA (Nancie M. 

Archin et al. 2009), valproic acid (Ylisastigui et al. 2004), rhomidepsin 

(Wei et al. 2014) and M344 (Ying et al. 2012), target HDACs, which have 

been shown to be recruited to the HIV LTR by multiple transcription 

factors (Williams et al. 2006; Coull et al. 2000; G. Jiang et al. 2007) to 

deacetylate histones and repress transcription. Similarly, agonists of the 

PKC pathway, such as prostratin and bryostratin, have been studied as 

activators of the HIV LTR, as they induce nuclear localization and LTR 

binding of the NFκB (p65/p50) heterodimer, a potent activator of HIV 
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transcription (Williams et al. 2004; Pérez et al. 2010). While this candidate 

approach has led to the identification of druggable targets or potential 

candidate LRAs, none of the LRAs currently under clinical investigation 

are capable of strong latency reversal in patients or lead to a reduction in 

the size of the latent HIV reservoir (N. M. Archin et al. 2012; Elliott et al. 

2014). Thus, to identify more potent and clinically relevant LRAs, it is 

critical to identify the full repertoire of functionally relevant host factors 

and pathways that play a role in the maintenance of latency.  

Complementary to the approach of targeting candidate LTR-bound 

transcription factors and complexes for inhibition or activation, other 

studies have embarked on unbiased screens of small molecule libraries to 

identify compounds capable of reversing HIV latency (Sadowski and 

Hashemi 2019). Alternatively, recent large-scale unbiased gene knock-

out/knock-down screens have been employed to unravel the molecular 

mechanisms of latent HIV (Das et al. 2018a; W.-M. Jiang et al. 2014; 

Besnard et al. 2016; Zhu et al. 2014b, 201; Li, Hajian, and Greene 2020; 

Yang et al. 2020; Goff 2008; Rathore et al. 2020; Krasnopolsky, Kuzmina, 

and Taube 2020; Huang et al. 2019). RNA interference methods, which 

rely on the reduction of mRNA expression levels, have been widely used 

as screening platforms in mammalian cells (Martin and Caplen 2007). 

However, this method has been shown to suffer from serious limitations, 

including the presence of false-positives due to off-target effects and the 

persistence of residual gene expression, which results in false negatives 

(Yamamoto-Hino and Goto 2013; Hart et al. 2014). For example, several 

RNAi screens have been performed to identify host cell factors essential 

for HIV infection and replication (Besnard et al. 2016; Das et al. 2018b; 

Zhu et al. 2014a; Boehm et al. 2017); surprisingly, very little overlap was 

found between the lists of genes identified in these screens, pointing to the 

need for other screening methods that achieve complete inactivation of 

genes. Another large-scale unbiased gene disruption approach uses the 

precision of CRISPR-Cas9 targeting for complete gene knock-outs (Yu 

and Yusa 2019). A recent screen using a lentiviral sgRNA sub-library 

targeting nuclear proteins identified MINA53 as a possible latency-

promoting gene (LPG) (Huang et al. 2019).  

In mammalian cells, functional analysis via forward genetic 

screens and mutational analysis has largely been hampered due to 
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diploidy, as, in somatic cells, when one copy of a gene essential for a 

cellular process is inactivated, the second copy often remains active and 

compensates for that partial loss. Pseudo-haploid screens are based on 

KBM7s, a chronic myelogenous leukemia (CML) cell line, which is 

haploid for all chromosomes except for chromosome 8 and a 30Mb stretch 

of chromosome 15 (Kotecki, Reddy, and Cochran 1999), allowing for 

forward genetics in mammalian cells (Carette et al. 2009). Using Gene-

Trap (GT) retrovirus-mediated mutagenesis for generating a library of 

gene knockouts in KBM7 cells enables unbiased loss-of-function 

screening in mutant cells for the identification of host genes essential to a 

specific cell function. Haploid screens have proven to be a powerful 

method to identify genes involved in drug import (Reiling et al. 2011; 

Birsoy et al. 2013), druggable target genes to treat cancer (Logtenberg et 

al. 2019; Mezzadra et al. 2019; Heijink et al. 2019), key components of 

cellular pathways (Mezzadra et al. 2017; Janssen et al. 2018; Raaijmakers 

et al. 2018; Blomen et al. 2015; Lee et al. 2013), and genes involved in the 

pathogenesis of various viruses (Carette et al. 2011; Jae et al. 2013; Staring 

et al. 2017; Hoffmann et al. 2017; Raaben et al. 2017; Staring et al. 2018; 

Jangra et al. 2018; Qi et al. 2015) and susceptibility to toxins (Carette et 

al. 2009; Guimaraes et al. 2011; Tafesse et al. 2014). 

To identify novel host genes that could potentially serve as 

molecular targets for HIV latency reversal, we performed insertional 

mutagenesis in latently HIV-1-infected KBM7 cells. First, using a flow 

cytometry activated cell sorting-based strategy described previously 

(Jordan, Bisgrove, and Verdin 2003; Rafati et al. 2011), we generated a 

latent pseudo-haploid KBM7/(Hap-Lat) cell line that harbors an integrated 

transcriptionally silent HIV-1 5’LTR controlling the expression of a GFP 

reporter gene. Hap-Lat cells were then subjected to GT insertional 

mutagenesis, using a mCherry reporter GT virus, and Hap-Lat cells 

expressing both GFP (as a reporter of HIV-1 expression) and mCherry 

(confirming the presence of a GT integration within an active gene) were 

then sorted using fluorescence-activated cell sorting (FACS). GT 

integration sites within these two populations were then amplified by 

inverse PCR and mapped to the genome by high-throughput sequencing. 

Computational candidate identification resulted in the identification of 69 

candidate genes, whose function is required for maintenance of HIV 
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latency, but which are not essential to cell survival. For functional follow-

up experiments, we selected a subset of 16 GT-identified putative HIV 

latency re-enforcing target genes, which are also expressed in primary 

CD4+ T cells, and examined the effect of their depletion via shRNA 

knock-down in maintaining latency in J-Lat T cell lines A2 and 11.1. 

Functional validation identified 10 putative novel latency promoting 

genes: ADK, CHD9, CMSS1, GRIK5, USP15, IRF2BP2, EXOSC8, NF1, 

EVI2B, and FAM19A. Because of the obvious mechanistic potential of 

CHD9, a Chromodomain Helicase DNA-binding protein, we explored its 

association with the 5’LTR using ChIP-qPCR analysis. We found CHD9 

to be enriched at the 5’LTR in the latent state but to dissociate from the 

HIV-1 promoter after PMA treatment. Loss of CHD9 enrichment upon re-

activation was accompanied by a relative increase in H3 acetylation at the 

HIV-1 LTR, indicating a functional shift in chromatin organization from 

repressed to transcriptionally active. We also found three genes in our 

candidate list, ADK, GRIK5, and NF1 to be targetable by existing small 

molecule inhibitors. The latency reversal potential of these compounds 

was evaluated in J-Lat T cell lines A2 and 11.1, and in a primary cell model 

of HIV latency. We found 5-Iodotubercidin, which inhibits ADK, not to 

be a viable LRA due to its toxicity in both A2, 11.1, and primary CD4+ T-

cells. While the NF1 inhibitor Trametinib reactivated latent HIV in the J-

Lat cell lines, it was not effective in the primary cell model of latency. On 

the other hand, the GRIK5 inhibitor Topiramate reversed HIV-1 latency in 

both J-Lat T-cell lines as well as in primary CD4+ T cells harboring latent 

HIV-1, without significant associated cytotoxicity or T cell activation, and 

thus presents an interesting potential novel LRA. 
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RESULTS 

Establishment of a latent pseudo-haploid cell line  

To identify potentially druggable host genes as putative molecular 

targets for HIV latency reversal, we generated pseudo-haploid latent HIV-

1-infected cells in which we performed insertional mutagenesis according 

to a strategy schematically depicted in Figure 1A. A latent HIV-1-infected 

pseudo-haploid KBM7 cell line was generated according to a previously 

described strategy used in Jurkat cells (Jordan, Bisgrove, and Verdin 2003; 

Rafati et al. 2011) (Figure 1B). Subsequently, haploid latent (Hap-Lat) 

cells harboring a latent integrated HIV-1-derived virus containing a GFP 

reporter, were subjected to insertional mutagenesis using gene trap virus 

carrying an mCherry reporter. Instead of using a lethality-selecting 

scheme, our system relies on fluorescence activated cell sorting (FACS) to 

select for reactivated cells, marked by elevated GFP expression resulting 

from insertional mutagenesis of genes essential for maintenance of HIV 

latency. Cells expressing both GFP and mCherry were FACS-sorted and 

expanded for multiple rounds, after which GT insertion sites were mapped 

and identified by inverse PCR and high-throughput sequencing. To 

establish a latent HIV infection in the pseudo haploid KBM7 system, near-

haploid KBM7 cells were infected at low MOI with the single infectious 

cycle HIV-derived virus LTR-GFP-LTR, in which GFP reporter 

expression is controlled by the activity of the HIV-1 promoter or 5’LTR 

(Figure 1A). After infection, the population of GFP negative cells 

comprising mainly uninfected cells and putative latently infected cells 

were sorted by FACS and subsequently stimulated with 5ng/μl TNF-α and 

350μM Vorinostat. In response, a small percentage of existing latent HIV-

infected cells were transcriptionally reactivated and expressed GFP. These 

GFP positive cells were -sorted by FACS as single cells and expanded 

(Figure 1B). The resulting clonal latent KBM7 haploid lines were 

characterized by flow cytometry to determine GFP expression at basal and 

stimulated states. From the clonal lines established, Hap-Lat#1 was 

selected for low basal activity and significant reactivation upon 

stimulation (Figure 1C). To ensure maintenance of haploidy, Haplat#1 

cells were periodically sorted to enrich for the 5% of smallest cells 

(Supplemental figure 1A).  
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Gene-trap mutagenesis of Hap-Lat cells 

Hap-Lat#1 cells were mutagenized by infection with a murine stem 

cell virus (MSCV)-derived viral gene-trap (GT) vector containing an 

inactivated 3’ LTR, an adenoviral splice-acceptor site, an mCherry 

reporter cassette and a polyA terminator tail (Carette et al. 2009). Dendritic 

and myeloid cells are notoriously refractory to retroviral infection (Goujon 

et al. 2008; Kaushik et al. 2009). We indeed found that infectivity of 

KBM7 is poor compared to T-cell-derived cell lines SupT1 and Jurkat, as 

well as other myeloid-derived cell lines (Supplemental Figure 1B). 

SAMHD1, a nucleotide scavenger, has been identified as a causative 

restricting host factor that limits the free available pool of nucleotides for 

reverse transcription (Laguette et al. 2011). To bypass SAMHD1-mediated 

restriction, we supplemented cells with 2μM nucleosides (dNs), which 

increased GT infectivity by approximately two-fold (Supplemental figure 

1C). GT preferentially inserts in the 5’ regions of genes (J. Hansen et al. 

2003), effectively knocking out gene expression by truncating the native 

transcript (Supplemental figure 1D). For a full-scale mutagenesis 

experiment, approximately 200 million Hap-Lat #1 cells were 

mutagenized using two rounds of infection with GT-mCherry in the 

presence of exogenously supplied nucleosides. Infection of Hap-Lat#1 

with GT-mCherry effectively caused reactivation of a subpopulation of 

latent KBM7 cells (Figure 1D-E). We reasoned that insertional 

mutagenesis in genes essential for maintenance of HIV latency would 

result in Hap-Lat#1 cells expressing the GFP reporter. We determined GT 

integrations in individual GFP/mCherry double-positive clones and 

estimated that the sequential infection resulted in 1 to 4 GT integrations 

per cell, with the majority of cells containing one integration (data not 

shown). By gating conservatively, approximately 1-4% GFP/mCherry 

double-positive cells were then sorted and expanded (Figure 1E). After 

expansion, reactivated cells tend to revert to a latent state (Supplemental 

figure 1E). To enrich for a more stable GFP-expressing, mCherry GT-

containing double-positive cell population, cell sorting was repeated for 

multiple rounds (Figure 1F). Sequential rounds of sorting led to the 

appearance of a stable subpopulation within the total double-positive 

population expressing high levels of mCherry (Figure 1F). To examine any 

potential biological differences between the two, we separately sorted the 
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total double-positive population and the mCherry-high subpopulation, 

which we designated GFPTotal and GFPSub respectively, for a final (5th) 

round (Figure 1F). Genomic DNA extracted from GFPTotal and GFPSub 

obtained in the 5th round of sorting was used to determine GT integrations, 

while that of a pool of unsorted GT-infected cells was used as a reference. 

 

Mapping of insertion sites to identify host factors maintaining 

HIV latency 

To determine the host sequences flanking the GT insertion sites, 

inverse PCR with primers annealing to internal sequences in the gene trap 

vector followed by amplification was performed. The amplified products 

were processed for high-throughput sequencing (Figure 1F). For GFPSub 2 

biological replicates, samples A and B, were generated. For GFPTotal 3 

biological replicates were generated, samples C, D and E. To estimate the 

sampling depth of our GT, we re-sequenced GFPSub sample B and GFPTotal 

sample D at greater depth. The resulting NGS datasets were processed for 

candidate gene identification. A previously described method to analyze 

GT data, HaSAPPy (Haploid Screen Analysis Package in Python), was 

rigorously re-implemented, appended with additional steps for quality 

control, library normalization, and optimized resolution for the selection 

of integration sites (Minin, Postlmayr, and Wutz 2018). HaSAPPY assigns 

a Local Outlier Factor (LOF) score to each gene in a sample based on a 

triplet score derived from the number of putative GT integrations in the 

sample compared to the reference.  For each population, we compiled all 

genes with an LOF score >3 from each replicate and obtained 686 hits for 

GFPTotal and 382 hits for GFPSub. 183 genes were common to both 

populations (Supplementary figure S2A). Next, we investigated any 

potential biological basis for the difference between GFPTotal and GFPSub. 

Since expression levels of the integrated mCherry reporter appear to be on 

average higher in the GFPSub population than in the GFPTotal population, 

we wondered if expression levels of the targeted genes were higher in 

GFPSub. We obtained recently published KBM7 gene expression data 

(Mayor-Ruiz et al. 2020) and found no substantial difference in the 

average level of expression between the two populations (Supplementary 

figure S2B). To determine if there was any difference in the functionality 

of the GT target genes found in GFPTotal and GFPSub, we performed 
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enrichment analysis using GO terms and found no substantial differences 

in enrichment for biological process and molecular function ontologies 

(Supplementary figure S2C and D). Similarly, both populations contain a 

comparable fraction (32.7%) of integrations within non-coding or anti-

sense genes (Supplementary figure S2E). Finally, we cross-referenced the 

GT target genes found in GFPTotal and GFPSub populations to the HIV 

interaction database 

(https://www.ncbi.nlm.nih.gov/genome/viruses/retroviruses/hiv-

1/interactions/) and found that both the GFPTotal and the GFPSub 

populations contain similar fractions (21.9% and 20.2%, respectively) of 

genes previously reported to be involved in HIV biology, fractions which 

are substantially higher than the 7.4% found for the complete list of 

ENSEMBL genes (Supplementary figure S2F). In order to limit our 

extensive list of candidate genes for follow up functional validation, we 

applied more stringent thresholds for each population and defined 

candidate genes as having an LOF score equal to or greater than 3 in at 

least 2 biological replicate samples. We thus identified 19 candidate genes 

in the GFPSub population and 55 in the GFPTotal population (Figures 2A 

and B and Table 1).  

 

Candidate list validation 

Since our bioinformatics analysis did not reveal a defining 

difference between the GFPTotal and the GFPSub populations, we decided to 

proceed with functional assays using shRNA-mediated depletion of 

candidate genes obtained from both populations. To prioritize the 

candidate genes found in the KBM7 haploid screen for functional 

validation in the more biologically relevant Jurkat T-cell-based HIV-1 

latency models J-Lat A2 and 11.1, we focused on protein-coding genes 

and took into account LOF scores as well as gene expression in white 

blood cells (as extracted from the GTEx portal 

(https://www.gtexportal.org/home/) or Illumina’s Human BodyMap 2.0 

project (http://www.ensembl.info/2011/05/24/human-bodymap-2-0-data-

from-illumina/)) and the Jurkat T-cell model (Palstra et al. 2018) (Table 

1). Eight genes from GFPSub and nine genes from GFPTotal were selected 

as candidates for validation using shRNA-mediated depletion in J-Lat A2 

and J-Lat 11.1 cells. These cells contain a latent HIV-derived GFP reporter 
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driven by the 5’HIV-LTR and are well-established model systems for HIV 

latency (Jordan, Bisgrove, and Verdin 2003; Jordan, Defechereux, and 

Verdin 2001). While J-Lat A2 cells contain an integrated latent LTR-Tat-

IRES-GFP virus, J-Lat 11.1 cells contain an envelope defective full-length 

HIV-1 genome expressing GFP in place of Nef. We used flow cytometry 

to assess reactivation as measured by GFP expression and extracted RNA 

to assess knockdown of the targeted candidate genes and expression of the 

HIV genes GAG, POL, and TAT by RT-qPCR (figure 2C-E and 

Supplemental figure S3 and S4). We observed significant latency reversal 

upon candidate gene knockdown in 10 of 15 genes depleted by shRNA 

(ADK, CHD9, CMSS1, EVI2B, EXOSC8, FAM19A, GRIK5, IRF2BP2, 

NF1, and USP15) in both J-Lat A2 and J-Lat 11.1 cells (Figure 2C-E and 

Supplemental figure S3 and Table 1). Knockdown of SCN9A, RHOF, 

SPN, COPS5 and EVL did not result in significant latency reversal in one 

or both J-Lat models (Supplemental figure S4). These results demonstrate 

that a significant proportion of the candidate genes found in our myeloid-

derived KBM7 haploid screen play a role in maintenance of HIV-1 latency 

in the more relevant T cell-derived J-Lat A2 and J-Lat 11.1 HIV latency 

models. 

 

CHD9 is an LTR-associated repressor of HIV-1 transcription 

Interestingly, two genes, CIITA and CHD9, from our candidate list 

are associated with the GO-term DNA binding (GO:0003677). CIITA is a 

well-established factor involved in HIV expression and has been 

previously shown to inhibit Tat function and hence viral replication 

(Forlani et al. 2016; Accolla et al. 2002). The Chromodomain helicase 

DNA binding protein 9 (CHD9) is a member of an ATP-dependent 

chromatin remodeler family, the members of which modulate DNA-

histone interactions and positioning of nucleosomes and play key roles in 

stem cell regulation, development, and disease (Mills 2017). Previously, 

we have shown that chromatin remodeling by another ATP-dependent 

remodeler, the BAF complex, plays a crucial role in maintenance of HIV-

1 latency and its re-activation (Rafati et al. 2011) . We therefore decided 

to further characterize the role of CHD9 in regulating HIV-1 gene 

expression. We knocked down CHD9 using a lentivirally transduced 

shRNA and verified its depletion in both J-Lat A2 and J-Lat 11.1 cells at 
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the protein level by Western blotting (Figure 3A). Depletion of CHD9 led 

to a significant reversal of latency, as shown by an increase in the 

percentages of GFP positive cells (Figure 3B and C). Latency reversal was 

also confirmed by increased expression of viral genes Gag, Pol, and Tat in 

J-Lat 11.1 (Figure 3D). To characterize a potential direct association of 

CHD9 with the latent HIV-1 5’LTR, we performed chromatin immuno-

precipitation (ChIP) in latent and PMA-activated 11.1 J-Lat cells. The 

positions of nucleosomes within the latent HIV-1 LTR are rigid, with 

positioned nucleosomes Nuc-0, Nuc-1, and Nuc-2 separated by DNAse I-

sensitive regions HSS1 and HSS2, respectively, visually summarized in 

Figure 3E. CHD9 was found to be enriched throughout the HIV-1 LTR in 

latent 11.1 J-Lat cells, predominantly present over the Nuc0-HSS1 region, 

and this association was significantly decreased after LTR activation by 

PMA treatment (Figure 3F and Supplemental figure S5). No significant 

enrichment was observed at the HIV-1 internal control region (the GFP 

reporter) or the unrelated gene locus (HK2) (Figure 3F and Supplemental 

figure S5). As expected, PMA treatment led to an increase in histone H3 

acetylation, a mark of active chromatin, over the HIV-1 5’LTR (Figure 3G 

and Supplemental figure S5). Our data demonstrate a role for CHD9 in the 

repression of HIV-1 gene expression and maintenance of latency via direct 

recruitment to and association with the HIV 5’LTR. 

 

Pharmacological targeting of ADK, GRIK5 and NF1 

With the aim of identifying potential latency reversing agents 

(LRAs), we performed a literature search and identified three candidate 

genes, ADK, GRIK5, and NF1, all present in the GFPSub list, for which 

FDA-approved small molecule inhibitors are available. We therefore 

examined the latency reversal potential of the ADK inhibitor 5-

Iodotubercidin, the GRIK5 inhibitor Topiramate, and the NF1 inhibitor 

Trametinib. Adenosine kinase (ADK) is a phosphotransferase that 

converts adenosine into 5'-adenosine-monophosphate and thus plays a 

major role in regulating the intracellular and extracellular concentrations 

of adenosine, activation of specific signaling pathways, and bioenergetic 

and epigenetic functions (Park and Gupta 2013; Boison 2013). 5-

Iodotubercidin is a purine derivative that inhibits adenosine kinase by 

competing with adenosine for binding to the enzyme (Zhang et al. 2013). 
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Glutamate ionotropic receptor kainate type subunit 5 (GRIK5) is a subunit 

of the tetrameric kainate receptor (KAR), a subgroup of ionotropic 

glutamate receptors. GRIK5, together with GRIK4, binds glutamate, 

whereas subunits GRIK1-3 form functional ion-channels (Rojas and 

Dingledine 2013). Topiramate is an FDA-approved GRIK5 inhibitor 

employed as an anti-epileptic drug and is used to manage seizures and 

prevent migraines (Shank et al. 2000). Neurofibromin 1(NF1) is 

ubiquitously expressed; however, its highest levels are found in cells of 

the central nervous system and it has been described to function as a 

negative regulator of the Ras signal transduction pathway (Walker and 

Upadhyaya 2018; Harrell Stewart and Clark 2020). Trametinib is an NF1 

inhibitor which is also known as a mitogen-activated protein kinase 

(MAPK) kinase (MEK) inhibitor with anticancer activity and is FDA-

approved for use in metastatic malignant melanoma (Wright and 

McCormack 2013).  

We examined the effects of treatment with 5-Iodotubercidin, 

Topiramate, and Trametinib in J-Lat 11.1, J-Lat A2 cells, and a primary 

CD4+ T cell model of latency, on latency reversal. Treatment with the 

ADK inhibitor 5-Iodotubercidin resulted in only a moderate induction of 

latency reversal in both A2 and 11.1 J-Lat cells and was accompanied by 

significant toxicity, especially at high concentrations [16μM] (Figure 4A 

& B). Only at a 5-Iodotubercidin concentration of 4μM in 11.1 J-Lat cells 

was a significant increase in GFP positive cells with acceptable viability 

observed (Figure 4A & B). Treatment of J-Lat A2 and 11.1 cells with the 

GRIK5 inhibitor Topiramate or the NF1 inhibitor Trametinib resulted in 

significant, concentration-dependent latency reversal (Figure 4A & B). 

Importantly, neither Topiramate nor Trametinib displayed significant 

toxicity in comparison with the DMSO vehicle control group, as measured 

by gating for live cells. In particular, treatment of J-Lat 11.1 cells with 

Trametinib resulted in significant latency reversal at all evaluated 

concentrations [250nM, 1μM, 4μM and 16μM], with minimal associated 

toxicity (Figure 4B).  

Next, we evaluated the latency reversal potential of the inhibitors 

in a more clinically relevant primary ex vivo infection latency model, in 

which CD4+ T cells are infected with a full-length non-replication 

competent HIV-1 virus driving expression of a luciferase reporter (Figure 
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4C) (Lassen et al. 2012). After spin infection, cells are allowed to rest for 

4 days and are treated with the different compounds, as indicated, for 48 

hours, followed by measurement of HIV-1 LTR-driven luciferase activity 

and staining for Annexin positive cells and T-cell activation markers CD69 

and CD25 (Figure 4D- G and Supplemental figure S6). Similar to what 

was observed for the A2 and 11.1 J-Lat cell-lines, treatment of HIV-1-

infected latent primary CD4+ T cells with the ADK-inhibitor 5-

Iodotubercidin did not result in significant latency reversal (Figure 4D), 

while it produced significant toxicity at the highest concentration used, as 

indicated by Annexin V staining (Figure 4E). Treatment with the GRIK5 

inhibitor Topiramate, at a concentration of 16 and 20 µM, resulted in 

significant (p < 0.05) reversal of latency, as measured by a 3-6 fold 

increases in mean luciferase activity compared to untreated controls 

(Figure 4D). Topiramate treatment did not significantly affect CD4+ T cell 

viability after 48 hours, while control treatment with a toxic (200nM) 

concentration of Gliotoxin (GTX) caused apoptosis of primary CD4+ T-

cells, as evidenced by an increase in the percentage of Annexin V-positive 

cells, as was observed previously (Figure 4E) (Stoszko et al. 2020). In 

contrast to what was observed in the A2 and 11.1 J-Lat cell-lines, treatment 

of latently infected CD4+ T-cells with the NF1 inhibitor, Trametinib did 

not lead to a significant reversal of latency (Figure 4D), while viability 

was only moderately affected (figure 4E). 

For LRA candidates to be viable in a clinical setting, it is crucial 

that they reactivate latent HIV without inducing activation of CD4+ T-

cells. Therefore, we examined the potential of our candidate LRAs to 

induce expression of the activation markers CD25 and CD69 in treated 

CD4+T cells. While the ADK inhibitor 5-Iodotubercidin resulted in 

markedly elevated expression of the activation markers, the GRIK5 

inhibitor Topiramate and NF1 inhibitor Trametinib did not induce 

significant induction of the T cell activation markers CD69 and CD25 

(Figure 4F & G and Supplemental figure S6). As expected, 

PMA/Ionomycin treatment substantially activated T cells (Figure 4F & G 

and Supplemental figure S6).  Taken together, our data indicate that the 

FDA-approved GRIK5 inhibitor Topiramate reverses HIV-1 latency in a 

variety of T cell models of latency, without induction of T cell activation 
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and with limited cytotoxicity, and, therefore, can be considered an 

attractive LRA for further mechanistic and pre-clinical investigation. 
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DISCUSSION 

In search of potentially novel host factors and pathways that play 

a role in the maintenance of HIV-1 latency, we performed a two-color 

haploid genetic screen in latent HIV-1-infected KBM7 cells. An important 

advantage presented by this approach is that identification of putative 

functionally relevant candidate latency-promoting host target genes does 

not require a-priori knowledge of the molecular determinants of latency 

and is thus completely unbiased. Additionally, gene-trap insertional 

mutagenesis has enabled identification of previously unappreciated 

latency genes and cellular pathways, which likely modulate latency not 

only via direct physical association with the HIV-1 promoter, but also 

indirectly, through involvement in cellular signaling. We produced a list 

of 69 candidate genes and proceeded to validate ten candidates, the 

depletion of which in various in vitro models of latency, including primary 

CD4+ T-cell models, led to latency reversal. 

The haploid KBM7 cell line, while a powerful system for GT-

mediated forward genetic screens, is a myeloid cell line (Kotecki, Reddy, 

and Cochran 1999, 199). HIV can infect and establish latent infection in 

monocytes and macrophages (Kumar, Abbas, and Herbein 2014; Wong, 

Jaworowski, and Hearps 2019), but these are not considered to be the 

prime source of the latent reservoir; this begs the question how relevant 

the myeloid nuclear environment may be for HIV latency in lymphocytic 

cells. Nevertheless, when we tested a selected subset of the candidate 

genes by shRNA-mediated knockdown in a T-cell derived model of HIV 

latency, we found that knockdown of 67% of candidates (10 out of 15) led 

to latency reversal, which demonstrates the validity of our approach. 

Moreover, several of the genes identified in our gene trap screen have 

previously been implicated in HIV susceptibility: 15 out of 69 genes are 

listed in the HIV-1 human interaction database 

(https://www.ncbi.nlm.nih.gov/genome/viruses/retroviruses/hiv-

1/interactions/), a detailed database of all known interactions between 

HIV-1 and the human host. Furthermore, one of the candidates, IRF2BP2, 

is a potential target of HIV-associated nucleotide polymorphisms within a 

cluster of regulatory DNA elements (Palstra et al. 2018) which loop to and 

potentially regulate the IRF2BP2 promoter in CD4+ T-cells (Fishilevich 

et al. 2017; Lai et al. 2018). In the current study, we demonstrate that 
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knock-down of IRF2BP2 results in latency reversal. IRF2BP2 has been 

shown to interact with NFAT1 and to repress transcriptional activity 

(Carneiro et al. 2011), providing a plausible mechanism for its role in 

latency maintenance. 

Among the candidate gene list, we also identified CHD9, a member 

of the chromodomain helicase DNA-binding (CHD) family of the ATP 

dependent chromatin remodelers. Members of this family are involved in 

various cellular processes and in normal development and disease; 

however, CHD9 is one of the least-studied members. We found that CHD9 

is associated with the latent HIV-1 5’LTR and is displaced upon promoter 

activation by PMA stimulation, suggesting that it acts as a repressor of 

HIV transcription. Indeed, depletion of CHD9 by shRNA-mediated 

knockdown led to de-repression of HIV, as observed by increase in the 

expression of the HIV-1 LTR-driven reporter GFP as well as the HIV-1 

genes Gag, Pol and Tat. Future studies will determine the mode of 

recruitment of CHD9 to the HIV-1 LTR and the molecular interplay 

between CHD9 and other chromatin remodeler and modifying complexes 

associated with the latent HIV-1 5’LTR (Ne, Palstra, and Mahmoudi 

2018).  

A large subset of the list of 69 candidate genes are non-coding 

RNAs (N=22); upon closer inspection we found that 16 of those are at least 

in part oriented in an anti-sense direction with respect to known protein-

coding genes. We currently do not know if these non-coding transcripts 

fulfill a biological function in maintenance of HIV-1 latency, directly 

through their transcripts, through regulatory effects on other (protein-

coding) genes in cis or in trans, through other effects, or if they represent 

mapping artefacts. Further investigation into these possibilities is ongoing. 

An interesting observation emerging from our experimental set-up 

is the appearance of a sub-population of cells after multiple rounds of 

sorting that is more stable in its GFP expression. This sub-population is 

also higher in mCherry expression, as compared to the total double-

positive population. The reversal of double-positive cells after sorting may 

reflect the intrinsically stochastic transcription of HIV-1(Razooky et al. 

2015; M. M. K. Hansen, Martin, and Weinberger 2019; Tantale et al. 

2020). Latent cell lines are notoriously sensitive to cellular stresses, which 

cause reactivation (Piette and Legrand-Poels 1994; Vallejo-Gracia et al. 
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2020; Timmons et al. 2020). It is, therefore, possible that the less stable 

GFP-positive cells represent cells that are temporarily activated, and which 

slowly revert back to a latent state. Therefore, we focused our analysis and 

validation experiments mainly on the stable GFP-high population. 

Nevertheless, the few candidate genes unique to the total population that 

we tested in our shRNA knockdown validation experiment had a similar 

false positive ratio (i.e. 33.3%) as we found for the candidate genes from 

the stable GFP-positive population. 

For our analysis, we set a strict criterion of the LOF score being ≥3 

in at least two biological replicates, although a cut-off at lower LOF scores 

of 2 or above has been used previously (Kriegel et al. 2009). We chose this 

stringent criteria to confidently identify 69 candidate genes. We believe 

however that our dataset likely contains additional candidate genes that we 

miss due to the stringency applied. This is exemplified by our observation 

that STRING analysis indicates that many of the 598 protein-coding genes 

with an LOF score of 3 and higher functionally interact (Supplemental 

Figure S7). Moreover, 32% of these genes (195) appear in the HIV-1 

human interaction database, pointing to their potential roles in HIV-1 

biology. Importantly, proteins with well-described functions in HIV 

biology, such as, e.g., IL32 (LOF=9.5; (Palstra et al. 2018), RUNX1 

(LOF=12.6; (Klase et al. 2014), and SMARCA4/BRG1 (LOF=8.7; (Rafati 

et al. 2011), are detected with high LOF scores in at least one of our 

samples.  

Identification of functionally relevant molecular targets and novel 

compounds effective in latency reversal has proven to be an outstanding 

challenge in the field (Stoszko et al. 2019). Most clinically investigated 

LRAs have thus far failed to significantly impact the size of the latent 

reservoir in patients. From our list of validated host factors we identified 

three druggable targets, ADK, NF1, and GRIK5. The ADK inhibitor 5-

Iodotubercidin displayed cytotoxicity in both J-Lat and primary models of 

HIV latency. Since knockdown of ADK did not lead to significant toxicity, 

off target, pleiotropic effects of 5-Iodotubercidin may underlie the 

observed T cell toxicity. 5-Iodotubercidin is the prototype nucleoside 

ADK inhibitor, with a relatively high IC50. Novel nucleoside and non-

nucleoside ADK inhibitors have been developed with more favorable 

pharmacological properties that would be attractive to pursue in the 
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context of HIV-1 latency reversal in future studies (Boison 2013). 

Trametinib, a small molecule inhibitor of NF1, reactivated HIV-1 in J-Lat 

cell models with modest effects on viability but displayed significant 

toxicity in the primary cell models. These results highlight the importance 

of interrogating the potential effectiveness of candidate LRAs in multiple 

models of HIV-1 latency to circumvent potential integration-site mediated 

biases present in cell line models of latency, and, most importantly, to 

confirm effectiveness in the more relevant primary CD4+ T cells harboring 

latent HIV-1 in vivo.  

Our data point to the GRIK5 inhibitor Topiramate as a potentially 

promising compound for latency reversal. Topiramate, effectively 

reversed latency in primary HIV-1-infected CD4+ T cells without 

inducing significant T cell activation or cytotoxicity; this makes 

Topiramate a potentially clinically promising LRA and a target for further 

investigation. GRIK5 (glutamate ionotropic receptor kainate type subunit 

5), primarily studied in neurons, is a subunit of the tetrameric kainate 

receptor (KAR), a subgroup of ionotropic glutamate receptors. GRIK5, 

together with GRIK4, bind glutamate, whereas subunits GRIK1-3 form 

functional ion-channels (Rojas and Dingledine 2013). In B-cells, KAR 

activation by glutamate increases ADAM10 levels, leading to increased B 

cell proliferation and immunoglobulin production (Sturgill et al. 2011). 

Topiramate is primarily used as an anticonvulsant or antiepileptic drug. 

While the exact mechanism by which Topiramate exerts anticonvulsant or 

antiepileptic properties is unclear, it has been shown to block voltage-

dependent sodium and calcium channels (Zhang et al. 2013; Zona, Ciotti, 

and Avoli 1997), to inhibit the excitatory glutamate pathway and enhance 

inhibition by GABA (White et al. 2000). Interestingly, Topiramate can 

induce cytochrome P450 family member CYP3A4 activity and potentially 

negatively affect the metabolism of many drugs (Nallani et al. 2003), 

which should be taken into account when considering a potential 

therapeutic combination of LRAs in future studies.  
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MATERIAL AND METHODS 

Cell culture 

KBM7 and Hap-Lat (latent HIV infected KBM7-derived cell lines) were 

cultured in IMDM media (ThermoFisher Scientifc) supplemented with 

10% FCS and 2% Pen/Strep. Haploidy of KBM7 cells was maintained by 

periodically sorting cells for size (5% smallest). Ploidy of cells was 

determined by propidium iodide staining 

 

Establishment of haploid latent (Hap-Lat) HIV infected cell lines 

We used a strategy described previously (Jordan, Bisgrove, and Verdin 

2003; Rafati et al. 2011) to generate latently HIV infected KBM7 haploid 

cell lines. Minimal HIV (LTR-GFP, HIV-658 (Verdin, Paras, and Van Lint 

1993) virus was produced by transfection of 293T cells in 15cm culture 

dishes using polyethylenimine (PEI) Sigma Aldrich) with a mixture of 

6.8μg p658, 2μg VSVG and 4.5μg Gag-pol plasmids. Haploid KBM7 cells 

were infected with HIV-derived virus at low MOI such that approximately 
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5-10% of cells became productively infected as determined by GFP 

expression. 5 days after infection, the GFP negative cell population 

harboring uninfected and potentially latently infected cells were sorted by 

flow cytometry activated cell sorting (FACS) and stimulated with 350nM 

SAHA (Selleck Chem), and 5ng/µl TNFα (Sigma-Aldrich). Twenty-four 

hours post stimulation, GFP positive cells were single cell sorted by FACS 

into 96 well plates. Clones were expanded and characterized for their basal 

GFP expression and their potential for re-activation. From the clonal cell 

lines generated Hap-Lat #1 was selected for low background and relative 

high reactivation upon stimulation (GFP negative under basal conditions 

but inducible to express GFP upon activation). 

Gene Trap virus production and mutagenesis of Hap-Lat cell 

lines  

We adapted a strategy described previously (Carette et al. 2009) to 

mutagenize Hap-Lat cells. Briefly, Gene Trap virus was produced by 

transfection of HEK293T cells in 15cm culture dishes using 180 μl 

polyethylenimine (PEI) with a mixture of 8 μg pGT-mCherry, 2.1 μg 

pAdvantage, 3.1 μg CMV-VSVG and 4.8 μg Gag-pol plasmids in at total 

volume of 1ml serum free RPMI. After 12 hours the growth media  was 

changed to  fresh FCS supplemented RPMI. The virus was collected at 12, 

24, 36 and 48 hours. For the GT mutagenesis, 192 million Hap-Lat #1 cells 

were pre-incubated with 100μM dNTPs (Invitrogen) 1hr before 

transduction. Cells are resuspended in 192ml of undiluted GT virus. Spin 

infection was performed for 90minutes @ 1500rpm in 24 well plates 

containing 2 million cells per well and 8μl protamine sulfate per ml. After 

24 hours cells were subjected to a second round of infection after which 

virus was removed, and cells were left to recover in supplemented IMDM. 

We estimate that this sequential infection resulted in 1 to 4 GT integrations 

per cell, with the majority of cells containing one integration (data not 

shown). A first round of sorting was performed 8 days after the second 

infection. Subsequently, between 500.000 and 1 million GFP-mCherry 

double positive cells were sorted each day for 5 consecutive days using 

two cell sorters (BD FACSAriaII SORP and BD FACSAriaIII). Sorted 

cells were pooled, left to recover and expanded for the next round of 

sorting. A second round of sorting was performed 17 days after the second 
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infection. Between 2.6 and 3 million cells were collected each day for 3 

consecutive days using two sorters. These cells were pooled and left to 

recover and expand for a third round of sorting on day 22 after the second 

infection, yielding 6.1 million cells from 1-day sorting on two machines. 

On day 29 after the second infection a fourth round of sorting was 

performed, yielding 7.2 million cells from 1-day sorting on two machines. 

After the cells of the fourth round of sorting were left to recover and 

expand a sub-population of highly mCherry and GFP double positive cells 

were apparent.  In a final fifth round of sorting the total GFP-mCherry 

positive population (10.1 million cells) and the GFP-mCherry positive 

high sub-population (5.9 million cells) were respectively sorted on day 33 

and 35 after the second infection. After recovery, genomic DNA was 

isolated from the sorted cell populations, as well as from a population of 

mutagenized unsorted cells. 

Mapping insertion sites through inverse PCR 

A previously described inverse PCR protocol was adapted to determine 

host sequences flanking the proviral insertion sites (Carette et al. 2009). 

Briefly, genomic DNA was isolated from 5 million cells using the 

DNAeasy kit (Qiagen).  4ug gDNA was digested with NlaIII or MseI. 

After PCR spin column purification (Qiagen), 50ul of eluted digested 

DNA was ligated using T4 DNA ligase (Roche) in a volume of 2ml. The 

reaction mix was purified using spin columns and used in as template in a 

PCR reaction with primers annealing to internal sequences in the gene trap 

vector (5’-CTGCAGCATCGTTCTGTGTT-3’ and 5’-

TCTCCAAATCTCGGTGGAAC-3’). The resulting PCR products were 

used for library preparation. 

 

High-throughput sequencing and identification of integration 

sites 

Sequencing libraries were created using the Ion Plus Fragment Library Kit 

(ThermoFisher Scientific) according to manufacturer’s instructions, with 

minor modifications: briefly, 15ng of the PCR products were diluted with 

ddH2O to a final volume of 39 μl. The samples were end-repaired, adaptor 

ligated and amplified; this was followed by 2 rounds of purification using 
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Agencourt AMPure XP beads.  Library qualities and quantities were 

assessed by Bioanalyzer, using the DNA High Sensitivity Kit (Agilent 

Technologies). The quantified libraries were pooled together in 10plex, at 

a final concentration of 40pM. Templating, enrichment and chip loading 

was performed on an Ion Proton Chef system using the Ion PI™ Hi-Q™ 

Chef Kits (ThermoFisher Scientific); sequencing was performed on an Ion 

Proton PI™ V3 chip, with the Ion PI™ Hi-Q™ Sequencing 200 Kit, on an 

Ion Proton instrument (ThermoFisher Scientific), according to 

manufacturer’s instructions.  

The resulting FASTQ files were processed to remove the gene trap vector 

primers. To this end, we used R/Bioconductor packages ShortRead 

(Morgan et al. 2009) and Biostrings to match primer sequences within the 

sequenced reads, allowing for two mismatches at maximum for each 

primer sequence. The identified primers were trimmed and reads shorter 

than 15bp were discarded. The remaining reads were aligned to the human 

reference genome version hg19 retrieved from the Illumina iGenomes 

repository, using bwa mem. The produced aligned reads (BAM files) were 

then subjected to integration site identification. To this end, we re-

implemented the HaSAPPy algorithm (Minin, Postlmayr, and Wutz 2018) 

in R. The re-implemented version operates on BAM instead of SAM files 

and was enriched with additional noise filtering steps, which improved the 

overall process of detecting integration sites using the Local Outlier 

Method (LOF), as described in the original HaSAPPy implementation. 

Specifically, we added attributes for i) filtering out read artifacts from 

introns, based on the overall intronic read distribution for each sample, ii) 

selecting the fraction of neighboring (Independent Insertions, Disrupting 

Insertions, Bias) triplets for LOF analysis and iii) library normalization 

across samples. After the quality control steps, our HaSAPPY re-

implementation assigns a Local Outlier Factor (LOF) score to each gene 

in a sample based on a triplet score derived from the number of putative 

GT integrations in the sample compared to the reference, additionally 

taking into account the potential bias arising from unbalanced sense and 

anti-sense read numbers. LOF is a metric to indicate to what extent a vector 

measurement deviates from a population of vectors with the same 

properties. In our case, a triplet vector corresponds to a gene and LOF 

measures the deviation from the respective population, i.e. a gene is an 
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outlier based on a distribution of vectorized scores, such as the 

aforementioned triplet. The re-implemented version can be found in 

https://github.com/pmoulos/ngs-stone-age/blob/master/R/hasar.R. 

 

ShRNA knock-down of candidate genes in A2 and 11.1 cell lines 

Pre-designed shRNA sequences (MISSION® shRNA library (Sigma); 

Table 2) were purchased as bacterial glycerol stocks from the Erasmus 

Center for Biomics. Virus was produced as follows, 3 × 105 HEK293T 

cells/ml were plated in a 10 cm dish cells one day before transfection and 

transfected with 4,5 μg of pCMVΔR8.9 (envelope), 2 μg of pCMV-VSV-

G (packaging) and 6ug of shRNA vector. The transfection mixure was 

removed after 12 hr and replaced with fresh RPMI medium contain 10% 

FBS. Virus containing supernatant was collected at 36, 48, 60- and 72-

hours post-transfection. Jurkat, J-Lat A2 (LTR-Tat-IRES-GFP) and J-Lat 

11.1 (integrated full-length HIV-1 genome mutated in env gene and GFP 

replacing Nef) cells were cultured in RPMI-1640 medium (Sigma) 

supplemented with 10% FBS and 100 μg/ml penicillin-streptomycin at 37 

°C in a humidified 95% air-5% CO2 atmosphere. A2 and 11.1 cell lines 

were infected by adding 500 µl of filtered lentivirus to 2.5 ml of cell 

culture. After 48 hours, medium was refreshed and cells were puromycin 

selected. 14 days after infection, RNA was harvested to determine knock-

down of genes by qPCR and reactivation of latent HIV was measured by 

flow-cytometry and RT-qPCR for Gag, Pol and Tat. 

Flow cytometry for GFP expression in the J-Lat cell lines 

Cells were collected in PBS. GFP fluorescent signal indicating latency 

reversal was monitored using a LSRFortessa (BD Biosciences). Viability 

was determined using the forward scatter area versus side scatter area 

profiles (FSC-A, SSC-A). Data was analyzed using FlowJo software 

(version 9.7.4, Tree Star). 

 

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

Total RNA was isolated from tranduced A2 and 11.1 cells using Trizol 

(Thermo Fisher) on day 14 after infection using Total RNA Zol out kit 
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(A&A Biotechnology), residual genomic DNA was digested with DNAseI 

(Life technologies). cDNA was synthesized using superscript II Reverse 

Transcriptase (Life Technologies) using oligo (dT) primers or random 

primers (for Gag, Pol and Tat). RT-qPCR reactions were performed on a 

CFX Connect Real-Time PCR Detection System thermocycler (BioRad) 

using GoTaq qPCR Master Mix (Promega)  (3 min at 95 °C, followed by 

40 cycles of 95 °C for 10 s and 60 °C for 30 s). Melting curve analysis was 

performed to assess specificity of RT-qPCR products. Primers used for 

real-time PCR are listed in Table2. Expression data was calculated using 

2-ΔΔCt method (Schmittgen and Livak 2008). ß-2-microglobulin (B2M) 

and GAPDH were used as housekeeping genes for the analysis.  

 

Isolation and ex vivo infection of primary CD4+ T cells 

HIV-1 latency ex vivo model was generated based on Lassen and Greene 

method by spinoculation (90 min at 1200 g), washed in PBS and cultured 

in RPMI 1640 containing 10% FBS, 100 μg/ml penicillin-streptomycin, 

IL2 (5ng/ml) and the antiretroviral drug Saquinavir Mesylate (5μM) 

(Lassen et al. 2012). HEK 293T cells were transfected with HXB2 Env 

and pNL4.3.Luc.R-E- plasmids using PEI (Polyethylenimine) as described 

above. Supernatants containing pseudovirus particles are collected at 24, 

48 and 72 h post-transfection. Peripheral blood mononuclear cells 

(PBMCs) were isolated by Ficoll density gradient sedimentation of buffy 

coats from healthy donors. Total CD4+ T cells were separated by negative 

selection using RosetteSep™ Human CD4+ T Cell Enrichment Cocktail 

(StemCell Technologies). Primary CD4+ T cells were plated at a 

concentration of 1,5x10 6 cells/mL left overnight for recovery and infected. 

Two days after infection, cells were collected, washed once with PBS and 

treated with 5-Iodotubercidin, Topiramate or Trametinib. Cells were 

collected in 48 hr after treating, washed once in PBS and luciferase activity 

was measured using Luciferase Assay System (Promega).  

 

Flow cytometry for T cells activation and toxicity assay 
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Primary CD4+ T cells isolated from buffy coats of healthy volunteers were 

treated with different concentration of 5-Iodotubercidin, Topiramate and 

Trametinib and PMA/ionomycin as a positive control.  

After 24 and 48 hours, cells were stained with Annexin V to examine the 

percentage of cells undergoing apoptosis and with the surface receptor 

CD69 and CD25 to measure T cell activation. For staining, 106 cells were 

washed with PBS supplemented with 3% FBS and 2.5 mM CaCl2 

followed by staining with Annexin V-PE (Becton and Dickinson), CD69-

FITC (eBioscience) and CD25-APC (eBioscience) for 20 minutes at 4C in 

the presence of 2.5 mM CaCl2. Cells were then washed with 

PBS/FBS/CaCl2 and analyzed by flow cytometry. Between 2 - 4x105 

events were collected per sample within 3 hours after staining on a 

LSRFortessa (BD Biosciences, 4 lasers, 18 parameters) and analyzed 

using FlowJo software (version 9.7.4, Tree Star). 

Western Blotting 

10x106 cells were lysed for 30 minutes on ice with 200 ul lysis buffer 

(150 mM NaCl, 30 mM Tris (pH 7.5), 1 mM EDTA, 1% Triton X-100, 

10% Glycerol, 0.5 mM DTT, protease inhibitor cocktail tablets (EDTA-

free) (Roche). Cell lysates were clarified by centrifugation (14,000 rpm for 

30 min at 4°C), mixed with 4x sodium dodecyl sulfate (SDS)-loading 

buffer containing 0.1M DTT and boiled at 95°C for 5 min. Samples were 

run in a 10% SDS-polyacrylamide gel at 100V. The proteins were 

transferred to polyvinylidene difluoride (PVDF) membranes and the 

membranes were probed with anti-CHD9 (13402-1-AP, Proteintech) and 

anti- α-tubulin (ab6160, Abcam). The next day, blots were incubated with 

HRP conjugated secondary antibody and proteins were imaged by 

chemical luminescence using SuperSignal West Pico (Thermo Scientific).  

Chromatin immunoprecipitation (ChIP) and qPCR  

Approximately 50 to 100 million J-Lat 11.1 cells per condition were 

collected and crosslinked with 1% formaldehyde (Polysciences inc.) in 40 

ml PBS, supplemented with 1mM MgCl2 and 1mM CaCl2, at RT for 30 

min with 15rpm vertical rotation. The reaction was quenched with 125 mM 

Glycine. Cross-linked cells were pelleted at 800rcf for 5 minutes RT and 

subjected to chromatin enrichment as described previously (Ne et al. 
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2020). Briefly: the pellets were re-suspended in 2 ml ChIP incubation 

buffer  (1% SDS, 1% Triton x-100, 150mM NaCl, 1mM EDTA, ph 8.0, 

0.5 mM EGTA, 20mM HEPES pH 7.6, protease inhibitor cocktail tablets 

(EDTA-free, Roche) containing 1% SDS and sonicated (30’ ON/30’ OFF 

intervalsDiogenode Bioruptor plus) to obtain chromatin fragments 

between 300 and 500bp. Sonicated chromatin was spun at 20817 rcf at 4°C 

for 30 minutes and diluted 10 times in ChIP incubation buffer without 

SDS. Diluted chromatin corresponding to 30-40 million cells was 

precleared overnight at 4°C with vertical rotation at 15rpm with 80uls of 

Protein A SepharoseTM 4 Fast flow (GE Healthcare) beads and 

immunoprecipitated overnight with 40uls of beads and 5ug of antibody 

(13402-1-AP, Proteintech). Samples were washed two times per each 

buffer (5minutes, 15rpm vertical rotation) with buffer 1 (0.1% SDS, 0.1% 

DOC, 1% Triton x-100, 150mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM 

EGTA, 20mM HEPES pH8.0.), buffer 2 (500mM NaCl: 0.1% SDS, 0.1% 

DOC, 1% Triton x-100, 500mM NaCl, 1 mM EDTA pH 8.0, 0.5mM 

EGTA, 20mM HEPES pH8.0), buffer 3 (0.25M LiCL, 0.5%DOC, 0.5% 

NP-40, 1mM EDTA pH 8.0, 0.5mM EGTA pH 8.0, 20mM HEPES pH 

8.0), buffer 4 (1mM EDTA pH8.0, 0.5mM EGTA pH 8.0, 20mM HEPES 

pH 8.0) to remove unspecific binding. Finally, each sample was eluted in 

400ul elution buffer (1% SDS, 0.1M NaHCO3) de-crosslinked overnight 

at 65ºC in presence of 200mM NaCl, phenol-chloroform extracted, ethanol 

precipitated and subjected to qPCR analysis using the primer sets 

summarized in Table2.   
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Figure 1 Schematic representation of the two-color haploid screening 

strategy for identification of novel host factors and cellular pathways 

involved in the maintenance of HIV latency.  

 (A) Scheme depicting the generation of a clonal latent haploid KBM7 cell line. 

To this end, haploid KBM7 cells were infected with a minimal HIV virus harboring 

GFP (HIV-1 658). After stimulation, reactivated cells were sorted and left to 

expand and revert to a latent state.  

(B) FACS plots depicting the establishment of haploid HIV-1 latently infected 

KBM7 cell-line (Hap Lat #1). Parental KBM7 cells were infected with a minimal 

HIV virus carrying a GFP reporter (HIV-1 658). GFP negative cells, consisting of 

uninfected and latently infected cells, were sorted by FACS. The polyclonal cell 

pool was stimulated with a cocktail of latency reversal agents (LRAs) and 

reactivated cells were clonally sorted by FACS and expanded to generate haploid 

latent cell lines.  

(C) Hap-Lat #1 displays low basal activity (GFP expression) but is effectively 

reactivated using LRAs.  

(D) Hap-Lat#1 cells were mutagenized by infection with a Gene Trap (GT) virus 

infection harboring a mCherry reporter. Cells infected with the GT reporter will be 

mCherry positive (red asterisk). Latently infected KBM7 cells that reactivate 

following GT mutagenesis will be double positive for GFP and mCherry (Green 

cells, red asterisk).(E) Representative FACS plots demonstrating gating strategy 

for sorting double positive cells (GFP, mCherry).  

(F) Double positive cells (GFP, mCherry) are sorted in multiple rounds to 

eliminate cells stochastically reverting back to a GFP negative state. During these 

rounds of sorting, a stable and distinct double positive sub-population (GFP Sub) 

appears which was sorted separately. 
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Figure 2 Identification and validation of candidate host factors.  

(A) LOF scores of genes in the GFPsub population (samples A, B1 and B2), 

validated candidates are indicated. Genes with LOF>3 are in large font, 

underlined genes comply to our candidate gene selection criteria and have a 

LOF>3 in at least two biological replicates within either the GFPsub or GFPtotal 

population while genes with LOF<3 but complying to our selection criteria based 

on other samples are depicted in small font and italics.  

(B) LOF scores of genes in the GFPtotal population (samples C,D1,D2 and E), 

Markings as in Figure 2A. 

(C) Functional validation of candidate hits ADK, GRIK5, NF1 by shRNA mediated 

depletion followed by determination of latency reversal by flow-cytometry and RT-

PCR in latently infected J-Lat A2 (left panels) and 11.1 cells (right panels). Flow-

cytometry bar plots: green bars show the percent of GFP positive cells after 

knockdown over control (black bar), left y-axis, whereas gray bars show cell 

viability, right y-axis. Viral reactivation is confirmed by RT-qPCR for viral genes 

Tat, Gag and Pol in J-Lat 11.1 cells. Statistical significance was calculated using 

ratio-paired t-test and multiple comparison t-test on Log2 transformed fold 

changes * – p < 0,05, ** – p < 0,01, *** – p < 0,001,  

 

 

 

 

 

 

 

 

193



 
 

 

 

 

194



 

Figure 3 CHD9 regulates HIV-1latency in J-Lat A2s and J-Lat 11.1 cells.  

(A) Western blot for CHD9 in control and CHD9 shRNA depleted J-Lat 11.1 and 

A2 cells, α-Tubulin as a loading control.  

(B) Flow-cytometry bar plots demonstrating latency reversal after CHD9 shRNA 

depletion in J-Lat 11.1 cells: green bars indicate the percent of GFP positive cells 

after knockdown over control (black bar), left y-axis, whereas gray bars show cell 

viability, right y-axis. 

(C) Latency reversal after CHD9 shRNA depletion in J-Lat A2 cells. 

(D) Viral reactivation is confirmed by RT-qPCR in J-Lat 11.1 cells for the viral 

genes Tat, Gag and Pol. Data are normalized to GAPDH and represented as fold 

increase over sh Control. Statistical significance was calculated using ratio-

paired t-test and multiple comparison t-test on Log2 transformed fold changes * 

– p < 0,05, ** – p < 0,01, *** – p < 0,001. 

(E) Schematic of HIV genome. 5’ LTR region further segmented into the U3, R, 

and U5 regions. Amplicons used in ChIP-qPCR experiments are indicated.  

(F) ChIP-qPCR analysis of CHD9 binding to the HIV-1 5’LTR in untreated and 

PMA stimulated J-Lat 11.1 cells. Data are represented as percentage of the input.  

(G) ChIP-qPCR analysis of Histone H3 occupancy at the HIV-1 5’LTR untreated 

and PMA stimulated J-Lat 11.1 cells. Data are represented as percentage of the 

input.  

(H) ChIP-qPCR analysis of Histone H3 acetylation at the HIV-1 5’LTR in 

untreated and PMA stimulated J-Lat 11.1cells. (E-H) Data represent the average 

(±SD) of two technical replicates.  
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Figure 4 HIV latency reversal by small molecule inhibitors of three 

candidate genes ADK, GRIK5, NF1.  
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(A) Latency reversal potential upon 48 h treatment of J-Lat A2 cells with 

increasing concentrations of 5-iodotubercidin (ADK inhibitor), Topiramate (GRIK5 

inhibitor) and Trametinib (NF1 inhibitor) was evaluated by flow-cytometry. 

Treatment with DMSO (black bar) is used as a negative control. Percent of GFP 

positive cells is indicated by green bars (left y-axes), cell viability is indicated by 

grey bars (right y-axis). (B) Latency reversal potential upon 48 h treatment of J-

Lat 11.1 cells.(C) Schematic representation of candidate LRAs treatment in a 

primary cell model of latent HIV-1 infection. CD4+ T-cells are isolated on day 0 

and spin infected on day 1. On day 2 virus is removed by media change in 

presence of saquinavir. Latently infected cells are stimulated with candidate 

LRAs on day 5 and HIV reactivation is evaluated at day 7. (D) Latency reversal 

as measured by Luciferase activity in a primary cell model of HIV latency after 

treatment with 5-Iodotubercidin, Trametinib and Topiramate in different 

concentrations. Plots show the fold increase in luciferase activity, measured in 

relative light units (RLU), after treatment with different concentrations of 5-

iodotubercidin (ADK inhibitor), Topiramate (GRIK5 inhibitor) and Trametinib (NF1 

inhibitor). Each dot represents a single measurement, black horizontal lines show 

the average fold increase for each treatment. Averaged data of at least 3 

independent experiments performed using each time two different donors 

(totaling at least 6 different donors). PMA was used as a positive control. 

Statistical significance was calculated using t test, * – p<0,05; ** – p<0,005; *** – 

p<0,0005.  

(E) Percentage of cells expressing apoptosis marker Annexin V in primary CD4+ 

T cells upon treatment with candidate LRAs for 48 hours. Treatment with a toxic 

concentration of Gliotoxin (GTX) 200nM was used as a positive control. 

Experiments were performed in uninfected cells obtained from 6 healthy donors. 

Data are presented as mean ±SD from three independent experiments. The (†) 

symbol indicates low viability.(F) Percentage of cells expressing marker of cell 

activation CD69 in primary CD4+ T cells from 6 healthy donors, data are 

presented as mean ±SD from three independent experiments of 2 different 

healthy donors upon treatment with candidate LRAs for 48 hours. Treatment with 

PMA/Ionomycin PMA is used as a positive control.  (G) Percentage of cells 

expressing marker of cell activation CD25 in primary CD4+ T cells from 6 healthy 

donors, data are presented as Mean ±SD from three independent experiments 

of 2 different healthy donors upon treatment with candidate LRAs for 48 hours. 

Treatment with PMA/Ionomycin is used as a positive control.  Statistical 

significance was calculated using one-way Anova, multiple comparison test. 

Asterisks indicate the level of significance. (**p < 0.01, ***p < 0.001).  
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Supplemental Figure 1 Generation of haploid latent cell lines.  

(A) Ploidy of Hap-Lat #1 compared to Hap-Lat #1 cells cultured over a prolonged 

period and Jurkat cells. Haploidy of HapLat #1 cells can be maintained over time 

by periodic cell sorting of small cells.  

(B) Infectivity to HIV-1 of KBM7 and other myeloid lineage cell lines, U937 and 

MV4, is poor compared to lymphocyte derived cell lines (SupT1 and Jurkat) as 

shown by percentage GFP positive cells after 4 days of infections with minimal 

HIV (658).  

(C) Nucleoside pre-incubation before and after supplementation during infection 

improves infectivity of KBM7 cells.  

(D) Schematic representing the mechanism of GT insertional mutagenesis. The 

inactive LTRs of MSCV flank a splice acceptor (SA) site, a mCherry reporter and 

a poly-adenylation (pA) terminator, 

(E) After sorting and expansion, sorted double-positive cells tend to revert to a 

latent state as indicated by a loss of GFP signal. FACS plots obtained 1day (left 

panel) and 5 days (right panel) after sorting. 

 

199



 
 

 

 

200



Supplemental Figure 2 Characterization of gene trap integration candidate  

genes.  

(A) Venn diagram depicting all genes with an LOF score >3 in one replicate from 

the GFPTotal (686 hits) and the GFPSub (382 hits) population. 183 genes are 

common to both populations.  

(B) Expression levels of genes in the GFPTotal and the GFPSub populations. No 

significant differences in the average expression levels of genes between the two 

populations is found (Mann-Whitney test).  

(C) GO-slim term analysis for biological process of genes in the GFPTotal and the 

GFPSub populations. No substantial differences in GO-slim term enrichment are 

found.  

(D) GO-slim term analysis for molecular function of genes from both populations. 

(E) Percentage of non-coding genes present among genes in the GFPTotal and 

the GFPSub populations are similar.  

(F) Percentage of genes present in the HIV interaction database 

(https://www.ncbi.nlm.nih.gov/genome/viruses/retroviruses/hiv-1/interactions/) 

among genes in the GFPTotal and the GFPSub populations are similar but higher 

compared to the total ENSEMBL gene list. 
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Supplemental Figure 3 Functional validation of positive candidates. 

Re-activation of HIV-1 in J-Lat A2 and 11.1 cell lines was assessed by measuring 

the percentage of cells expressing GFP (green bars) and cell viability (gray bars) 

using flow-cytometry. Efficacy of knockdown by shRNA was quantitated in J-Lat 

11.1 cells by RT-qPCR (left panel) as well as expression of viral genes Tat, Pol 

and Gag. RT-qPCR data (right panel) are presented as mean ± SD normalized 

to the control. Statistical significance was calculated using ratio-paired t-test and 

multiple comparison t-test on Log2 transformed fold changes (* – p < 0,05, ** – p 

< 0,01, *** – p < 0,001). 
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Supplemental Figure 4 Functional validation of false positive candidates.  

Efficacy of knockdown by shRNA was quantitated by RT-qPCR. Re-activation of 

HIV-1 was assessed by measuring by the percentage of cells expressing GFP 

(green bars) and cell viability (gray bars). RT-qPCR data are presented as mean 

± SD normalized to the control. Statistical significance was calculated using ratio-

paired t-test and multiple comparison t-test on Log2 transformed fold changes (* 

– p < 0,05, ** – p < 0,01, *** – p < 0,001).  
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Supplemental Figure 5 Additional data on the functional characterization of 

CHD9. 

(A) Efficacy of CHD9 knockdown in J-Lat A2 cells and J-Lat 11.1 cells by shRNA 

was quantitated by RT qPCR  

(B) Biological replicate of a ChIP-qPCR analysis of CHD9 binding to the HIV-1 

5’LTR in untreated J-Lat 11.1 cells and PMA stimulated cells (Similar to data from 

figure 3G-H). Data are represented as percentage of the input and represent the 

average (±SD) of two technical replicates. 
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Supplemental Figure 6 Characterization of T-cell activation by candidate 

LRAs.  

(A) FACS plot of staining for T-cell activation marker CD69 after treatment of 

primary CD4+ T cells from 6 healthy donors with candidate LRAs (5-
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Iodotubercidin, Topiramate and Trametinib). Treatment with PMA/Ionomycin 

PMA is used as a positive control (Plots correspond to data from figure 4F). 

(B) FACS plot of staining for T-cell activation marker CD25 after treatment with 

candidate LRAs (Plots correspond to data from figure 4G). 

 

 
 

 

 

 

Supplemental Figure 7 STRING analysis of protein coding candidate genes.   

STRING analysis indicates that many of the 598 protein coding candidate genes 

with an LOF score of 3 and higher from the GFPTotal and the GFPSub populations 

functionally interact. Validated candidate genes are indicated in red. Circle size 
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and green shade indicate the number of samples the Gene Trap target gene is 

found in. Circled genes are part of our candidate genes list. Background color 

indicates if the Gene Trap target gene is found in the GFPTotal, in the GFPSub or 

in both populations. 
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Table 1 Prioritized candidate list for the GFPTotal and the GFPSub 

populations.  

Prioritized candidate genes are defined as having an LOF equal to or greater 

than 3 in at least 2 independent samples. Overlapping genes are underlined in 

both lists. Results of shRNA mediated knockdown validation experiments of 

selected candidate genes in A2 and 11.1 J-Lat cell models are indicated. 
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Table 2 List of RT-qPCR primers and recombinant DNA. 
 

 

List of RT-qPCR primers 

Name of gene Forward Primer Reverse Primer 

ADK GACACAAGCCCTGCCAAAGAT TCAGAGACCAGTTGAGACAGAA 

CMSS1 GCCAATGATTTGACTCACAGTCT CTGAATGCTGTCATCGACCTAAT 

IRF2BP2 CCCATGACTCCTACATCCTCTT GAGGGCGGACTGTTGCTATTC 

NF1 AGATGAAACGATGCTGGTCAAA CCTGTAACCTGGTAGAAATGCGA 

CHD9 GAAATGCTAGAAAGGTTGGAGG CGGGACCAGTGAGAATACGTT 

FAM19A TGTTAAAACGGGAACTTGTGAGG AAGCATCCACACATGATGGAG 

SCN9A ATTCGTGGCTCCTTGTTTTCTG CTACTGGCTTGGCTGATGTTAC 

RHOF CCCCATCGGTGTTCGAGAAG GGCCGTGTCGTAGAGGTTC 

GRIK5 CCACCGTGAGCCATATCTGTG CGCGAAGCGAAGGTACTGAA 

USP15 CGACGCTGCTCAAAACCTC TCCCATCTGGTATTTGTCCCAA 

EVL CTTCCGTGATGGTCTACGATG TGCAACTTGACTCCAACGACT 

EXOSC8 CGGTTCAATTAGTACCGCAGAT ACGTATCCTTTATCAGGGGCAT 

COPS5 TGGGTCTGATGCTAGGAAAGG CTATGATACCACCCGATTGCATT 

SLC7A6  CGGGCTTTCAGTTGTTAGACC ACACAGTCAATCGCTCACGG 

EVI2B ACCAACACAATTCAGCGACAC GTTGTAGGCAAGTGGTTGTCC 

SPN GCTGGTGGTAAGCCCAGAC GGCTCGCTAGTAGAGACCAAA 

POL GGTTTATTACAGGGACAGCAGAGA ACCTGCCATCTGTTTTCCATA 

GAG AGTAGTGTGTGCCCGTCTGT TCGCTTTCAGGTCCCTGTTCG 

TAT CAAAAGCCTTAGGCATCTCCT CCACCTTCTTCTTCGATTCCT 

β2M AGCGTACTCCAAAGATTCAGGTT ATGATGCTGCTTACATGTCTCGAT 

GAPDH CAAGAAGGTGGTGAAGCAG GCCAAATTCGTTGTCATACC 

Nuc 0 CCACACACAAGGCTACTTCC AACTGGTACTAGCTTGTAGCAC 

HSS1 TGTGAGCCTGCATGGGATGG GAAAGTCCCCAGCGGAAAGT 
 

Nuc1/HSS2 CGTCTGTTGTGTGACTCTGGT TCGAGAGAGCTCCTCTGGTT 
 

HSS2/Nuc2 GCCCGAACAGGGACTTGAAA TTGGCGTACTCACCAGTCG 
 

Nuc2/Gag GGTGCGAGAGCGTCAGTAT AGCTCCCTGCTTGCCCATA 

Hk2 GCCGACTCTTGTATTGCCTG 
 

TATTGTAGCACGGCCGGAAA 
 

GFP GGAGTGGTCCCAGTTCTTGTTG 
 

ACAGGTAGCTTCCCAGTAGTGC 
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Recombinant DNA 

sh ADK MISSION® shRNA library (Sigma) TRCN000011535 

sh GRIK5 MISSION® shRNA library (Sigma) TRCN000011537 

sh SPN MISSION® shRNA library (Sigma) TRCN000011539 

sh Control MISSION® shRNA library (Sigma) SHC002 

sh CMSS1 MISSION® shRNA library (Sigma) TRCN000011541 

sh EVL MISSION® shRNA library (Sigma) TRCN000011542 

sh COPS5 MISSION® shRNA library (Sigma) TRCN000011543 

sh EXOSC8 MISSION® shRNA library (Sigma) TRCN000011544 

sh SLC7A6 MISSION® shRNA library (Sigma) TRCN000011545 

sh USP15 MISSION® shRNA library (Sigma) TRCN000011547 

sh NF1 MISSION® shRNA library (Sigma) TRCN000011638 

sh IRF2BP2 MISSION® shRNA library (Sigma) TRCN000011635 

sh RHOF MISSION® shRNA library (Sigma) TRCN000011642 

sh EVI2B MISSION® shRNA library (Sigma) TRCN000011644 

sh CHD9 MISSION® shRNA library (Sigma) TRCN0000230236 

sh FAM19A MISSION® shRNA library (Sigma) TRCN000011641 
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GENERAL DISCUSSION 

For almost four decades the scientific community has been 

searching for a strategy to completely eradicate HIV-1, the causative agent 

of AIDS, and put an end to this devastating infectious disease. The most 

recent data from UNAIDS (2020 fact sheet) report that since the start of 

the pandemic approximately 32.7 million people have died from AIDS-

related illnesses, with this number unfortunately still rising. It is estimated 

that 1.7 million people became infected with HIV in 2019 and that 

approximately 700 000 people have died from AIDS-related illnesses in 

the same year. Currently, approximately 38 million people worldwide are 

living with HIV-1.  

Significant progress has been made over the years in understanding 

the molecular pathogenesis of the infection and this has been crucial for 

the development of the current treatments. However, the virus constantly 

mutating nature has made it impossible, so far, to develop an effective 

vaccine. The introduction of combination antiretroviral therapy (cART) 

has allowed to effectively halt HIV-1 replication, decrease viral loads, 

restore immune T cell function, and prevent transmission to uninfected 

individuals. While cART has significantly reduced AIDS-associated 

mortality, however, it is not curative, has side effects, and must be taken 

lifelong. Additionally, the global roll-out of cART, particularly in 

resource-limited countries, remains an ongoing challenge, with only about 

half of the people currently living with HIV-1 receiving the therapy. 

Curing HIV-1 is therefore a global priority.  

HIV-1 persists because, following infection and integration into 

the host genome, the provirus can establish latent infections, defined by 

the absence of viral expression, in resting CD4+ T cells and other long-

lived immune cell populations. Due to this reservoir of long-lived latently 

HIV-1 infected cells, interruption of cART leads to a rapid rebound of 

unrestricted viral replication, necessitating life-long treatment (Siliciano 

and Siliciano 2015).  

Therapeutic strategies for HIV-1 cure aim to eliminate, inactivate, 

or reduce the pool of latently infected cells such that the patient’s immune 

system can control viral replication upon cessation of cART. A popular 

strategy is to induce viral production in latently infected cells, using drug 

interventions referred to as latency reversal agents (LRAs), to render the 
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infected cell recognizable to the immune system or susceptible to viral 

cytopathic effects for elimination. Crucial for successful latency reversal 

in infected cells is the identification of the right combination of LRAs that 

can effectively trigger viral reactivation, to then promote cytolysis and/or 

immune-mediated clearance of the infected cells.  

 

In this thesis, we presented three different and complementary 

discovery strategies (Chapter 2, Chapter 3, Chapter 4) that have led to 

the unbiased identification of novel molecular targets and drug candidates 

for latency reversal, with potential relevance for ameliorating current 

reactivation strategies. This work further expands the known repertoire of 

factors and cellular pathways that determine viral latency (described in 

Chapter 1), contributing to a better understanding of the mechanisms and 

routes that can be targeted by latency reversal strategies. Additionally, the 

novel drug interventions examined in these chapters extend the available 

drug arsenal that can be exploited to reactivate, attack, and hopefully 

mobilize the latent HIV-1 cellular reservoir (described in Chapter 5). 

 

In Chapter 2 of this thesis, in search of novel determinants of HIV-

1 latency, we have zoomed in on the HIV-1 5’LTR (or viral promoter) by 

setting up a biochemical purification strategy, coupled to proteomics, to 

identify its chromatin-bound regulators. This attempt is extremely 

important as the identification of the complete repertoire of LTR-bound 

factors, implicated in latency, would represent an invaluable resource for 

fully understanding their molecular function and moving the field forward. 

Before our study, due to technical limitations, a comprehensive and 

unbiased description of the molecular factors bound to the HIV-1 promoter 

in its latent and active conditions, was never conducted and our 

investigation is unique in the field.  

The strategy we designed is a locus-specific purification pipeline, 

coupled to proteomics, that is based on a reverse-ChIP approach and the 

antibody-based affinity purification of a multiple epitopes tagged HA-V5-

FLAG-dCas9 bait, bound to the 5’LTR. It is well established that locus-

specific strategies present tremendous biochemical challenges and, not 

surprisingly, to date only less than 30 articles have been published that 

deal with the isolation and characterization of specific genomic locations 
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(Vermeulen and Déjardin 2020). The high signal to noise ratio and the low 

abundance of single-loci represent a significant barrier to identify the 

complete repertoire of factors bound to a single locus in vivo (Gauchier et 

al. 2020). Additionally, the fold enrichment required to reach sample 

homogeneity cannot be achieved with conventional one-step purification 

protocols and cannot typically yield an adequate amount of material for 

robust detection of locus-bound proteins. Moreover, despite the recent 

major technological innovations, mass spectrometry can only identify 

specific peptides in complex mixtures in the low-femtomolar range 

(Vermeulen and Déjardin 2020). For a diploid locus, this means that the 

minimum amount of cell material required for proteomic characterization 

is estimated to be at least half-a-billion cells (Vermeulen and Déjardin 

2020).  

As our cellular platform to study latency harbors only one copy of 

the integrated HIV-1 5’LTR per cell, in our study we scaled up even 

further than this number, ultimately using at least 3 billion cells per 

condition; an enormous experimental undertaking in technical complexity 

and costs. Another caveat in locus-specific proteomics techniques is that 

there is typically a large fraction of the exogenously expressed bait that is 

present diffusely in the cells and that is not exclusively bound to the locus 

of interest. This fraction of the bait, which is nevertheless captured during 

the purification pipeline, significantly contributes to the background 

signal, affecting sensitivity. A common strategy for background 

elimination in these types of experiments is a subtraction from the final 

dataset using a robust set of negative control and multiple replicates (Liu 

et al. 2017). While this approach effectively eliminates some background 

and has successfully led to the identification of several locus-specific 

proteins, it does not, however, address the fact that the detection of a large 

amount of background inevitably reduces sensitivity.  

In this work, we presented a partial solution to this problem and 

have removed the unspecific background associated with the non-locus 

bound dCas9 molecules biochemically, rather than by subtraction. We 

have made use of a sequential, two-step affinity purification pipeline, 

consisting of a dCas9, V5 epitope-based, immunoprecipitation followed 

by histone antibodies-based immunoprecipitation that has allowed us to 

enrich for the chromatin-bound fraction of the dCas9 bait. This represents 
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an element of novelty in the field and has allowed for the removal of a 

large quantity of background signal originating from the non-targeted 

fraction of the bait. Another strength of this work is that to eliminate 

potential nonspecific interactors, we have used a control and isogenic cell 

line where the dCas9 bait has been guided to the same location and the 

HIV-1 5’LTR has been induced using PMA. We then have considered for 

our selection proteins that were differentially identified to be bound to the 

latent versus the transcriptionally activated HIV 5’LTR. This distinct 

profile has resulted in stringent elimination of factors bound to both 

conditions, allowing the identification of a list of factors significantly 

enriched or exclusively bound to the latent HIV-1 promoter. We have also 

verified the specificity of the dCas9 binding in our experimental system 

by ChIP-sequencing and found that the binding is highly specific for the 

targeted region at the HIV-1 promoter. The stringency of our purification 

is supported by our validation experiments, the identification, and 

characterization of IKZF1, and further demonstrated by the identification 

of a large number of previously published and verified HIV 5’LTR 

modulators (Chapter 2, Figure 3F). 

We are confident that the Catchet-MS purification pipeline 

developed in this chapter is a step forward in the field and a useful 

discovery tool that has led to the identification of many bona fide locus-

specific factors, including IKZF1. However, we are also aware that this 

work presents some of the technical limitations typical of locus-specific 

strategies, and that we are far from fully developing what would be the 

“holy grail” of chromatin biology. While techniques such as Catchet-MS 

can be very useful to identify some locus-specific factors, in fact, 

methodologies that allow a comprehensive description of the composition 

of a single locus are unfortunately still lacking in the field. 

It has been estimated that unambiguous identification of a 

promoter region composition, to near purity, would require a 1 million-

fold enrichment, which is far from what is typically achieved by locus-

specific strategies using a single-step purification (Vermeulen and 

Déjardin 2020). By comparison, one of the landmark papers in the field 

had an estimated fold enrichment for the targeted single locus of 1000 fold 

(Liu et al. 2017).  
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A possible strategy for increasing the specificity of the purification 

could be the concomitant use, of multiple Cas9 variants (such as Cas X, 

CasY, Cas12a or SpCas9) with different sgRNA and targets specificity, or 

alternatively zinc fingers proteins, to be used as additional baits that would 

be simultaneously guided to different regions within the desired chromatin 

location. Those additional baits could be tagged with different synthetic 

tags, allowing for multiple rounds of ChIP-based purification, with 

different affinity reagents. Additionally, as many of the biologically 

relevant protein–chromatin associations are very dynamic and usually 

transient, the concomitant use of a proximity labeling strategy such as the 

long-range biotinylation offered by TurboID, could be very helpful to 

enrich for those transient interactors (Branon et al. 2018). Perhaps the use 

of a streptavidin mediated purification of the biotin-labeled proteins as the 

last step of a sequential, reverse-ChIP based, purification pipeline, would 

allow us to enrich for labeled proteins located at the desired chromatin, 

providing an additional level of specificity to the detection. 

Additionally, as dynamic interactions contribute to a lesser extent 

to the complexity of the purified material, identification of more subtle 

differences in chromatin composition between different functional states 

may require a data-independent acquisition (DIA) method in MS, which 

would likely improve the capacity of detecting proteins present in minute 

amounts in a complex mixture (Venable et al. 2004; Searle et al. 2018). 

Moreover, when investigating different functional states, the use of 

multiplexed quantitative proteomics based on isobaric tagging, such as 

TMT or iTRAQ, may be more powerful at detecting subtle differences in 

the chromatin composition between the two different states than label-free, 

semi-quantitative approaches (Pappireddi, Martin, and Wühr 2019). 

Importantly, in Chapter 2, using Catchet-MS we identified a 

number of hits that we functionally confirmed to be important for the 

maintenance of latency in the cellular models used. This list of validated 

interactors may represent an important resource in the field and contribute 

to a better understanding of the molecular regulation of the HIV-1 

promoter. Moreover, the identification of IKZF1 as a novel DNA-bound 

transcriptional repressor, required for the recruitment of PRC2 and the 

establishment of a repressive chromatin environment is of particular 

importance. Despite numerous studies, the mechanisms of PRC2 
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recruitment to the HIV LTR were not yet fully established in the field and 

it is therefore very significant. 

Of therapeutic relevance in the field, IKZF1 and related family 

member IKZF3 levels can be controlled by modulating ubiquitination 

levels. Immunomodulatory drugs (IMIDs) such as thalidomide, 

lenalidomide, pomalidomide and iberdomide promote ubiquitin-

dependent proteasomal degradation of IKZF1 and IKZF3 by redirecting 

the substrate specificity of the CRL4CRBN ubiquitin ligase complex (G. Lu 

et al. 2014; Krönke et al. 2014). Among these drugs we identified the 

clinically advanced drug, iberdomide (CC-220), currently in phase 2 

Clinical trial for Systemic lupus erythematosus (SLE) and Multiple 

Myeloma (MM), to be very effective at reducing IKZF1 levels in primary 

CD4+ T cells.  

We demonstrated that iberdomide mediated depletion of IKZF1 

leads to a significant reversal of HIV-1 latency, with no significant 

associated toxicity, in ex vivo infected primary CD4+ T cells and infected 

cells isolated from c-ART suppressed, aviremic individuals.  BET 

inhibitors such as JQ1 are a well-established class of LRAs and are also a 

class of compounds previously reported to synergize with the activity of 

IMIDs in inhibiting the growth of refractory forms of MM (Díaz et al. 

2017; Moros et al. 2014). We, therefore, examined the effect of 

combinatory treatment of JQ1 and iberdomide in latently infected cells. 

Remarkably, co-treatment of ex vivo infected primary CD4+ T cells and 

cells obtain from HIV infected cART suppressed aviremic patients 

resulted in strong and synergistic induction of HIV-1 transcription 

quantitated as an increase in cell-associated HIV-1 Gag RNA. Crucially as 

we did not observe any detrimental effect on cell viability, T cell 

activation, and the overall T cells functionality, Iberdomide can be 

considered a safe, thus promising, LRA candidate for combinatory 

approaches to latency reversal.  

Other IMiDs such as thalidomide, lenalidomide, and 

pomalidomide are already widely used in the clinic and, in combination 

with proteasome inhibitors, steroids, and monoclonal antibodies, play a 

key role in the treatment of multiple myeloma (MM) (S. Gao, Wang, and 

Song 2020). Lenalidomide is also used in the treatment of other 

hematological malignancies such as myelodysplastic syndrome (MDS) 
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with deletion of chromosome 5q (del(5q)), mantle cell lymphoma (MCL) 

(Stahl and Zeidan 2017) and proven to be clinically active in a host of 

lymphoproliferative diseases, including chronic lymphocytic leukemia 

(CLL) (Itchaki and Brown 2017). Use of Iberdomide or related IMiDs 

could therefore be readily explored in future HIV-1 reactivation clinical 

trials, perhaps in combination with other LRAs acting on a different 

latency pathway,  

Several lines of evidence suggest that, in latently infected cells, 

clonal expansion due to proliferation plays an important role, contributing 

to the prolonged maintenance of the latent reservoir (Cohn, Chomont, and 

Deeks 2020). Interestingly, and consistent with its role as an 

immunomodulatory treatment for lymphoid and myeloid malignancies 

(Fuchs 2019), we observed a reduction of T cell proliferative capacity after 

treatment with Iberdomide, alone or in combination with JQ-1. Being an 

antiproliferative drug, the use of Iberdomide as a novel LRA, possibly in 

combination with other LRAs and/or drug interventions aiming at 

restoring intrinsic cell immunity and apoptosis of the infected cells, may 

help not only for the reservoir mobilization but also for its reduction in 

size (Hosmane et al. 2017; Reeves et al. 2018). 

 

In Chapter 3 we have described another discovery approach that 

makes use of insertional mutagenesis in pseudo-haploid KBM7 cells, 

coupled to next-generation sequencing. With this methodology we were 

able to identify previously unknown genes whose depletion leads to 

latency reversal in cellular models of latency. Forward genetics in 

mammalian cells has always been hampered by the fact that in diploid 

cells, mutagenesis often produces heterozygous knockout cells which may 

not necessarily show a phenotype, thus resulting in false negatives. In this 

regard, the use of KBM7 cells, derived from chronic myelogenous 

leukemia, has offered offer the unique opportunity of conducting forward 

genetics in mammalian cells. A remarkable feature of this cell line is that 

it is near-haploid for most of its chromosomes, except for chromosome 8 

and a 30 megabase fragment of chromosome 15 (Andersson et al. 1987; 

Kotecki, Reddy, and Cochran 1999). Importantly, the use of a forward 

genetic approach for the identification of novel targets has allowed the 

identification of genes and pathways that might modulate latency 
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indirectly, through genetic interaction, rather than physical association, 

with the HIV-1 5’LTR.  

In this study, we generated a latently infected KBM7 cell line 

(Hap-Lat) harboring an integrated HIV-1 5’LTR that controls the 

expression of a GFP reporter gene. Hap-Lat cells were then subjected to 

gene trap (GT) insertional mutagenesis using a mCherry reporter GT virus. 

Following mutagenesis, cells effectively mutagenized and reactivated, as 

shown by the expression of mCherry and GFP, were selected by multiple 

rounds of fluorescence-activated cell sorting (FACS) and subjected to 

NGS for mapping of the integration sites. This strategy has successfully 

led to the identification of at least 10 novel genes confirmed to be 

important for the maintenance of latency in cellular models of latency, 

further expanding our knowledge over the cellular routes to latency. Of 

clinical relevance, the glutamate ionotropic receptor kainate type subunit 

5 (GRIK5) inhibitor, Topiramate, was found to reverse latency in ex vivo 

infected primary CD4+ T cells, with limited associated toxicity and no 

effect on T cells activation. Topiramate can therefore be regarded as a 

novel candidate LRA, acting on a previously unknown pathway to latency, 

worth further investigation. 

Despite the successes, this strategy also presents some limitations 

that, if addressed correctly, may further increase the discovery potential of 

forward genetics methods in pseudo-haploid mammalian cells. It is 

important to mention that at the time that this study was designed, 

CRISPR/Cas9 technology was still in its infancy. Nowadays, with the 

advent of CRISPR/Cas9 screenings, gene-trap based forward genetics 

screenings are losing popularity. A limitation of gene trap cassettes is that 

they have to be integrated downstream of an active promoter to disrupt a 

gene function, resulting in low efficiency of mutagenesis. Consequently, 

the generation of a gene-trap mutagenized library, covering the whole 

genome, requires a high number of starting cells (Cadiñanos and Bradley 

2007). Additionally, only actively transcribing genes could be trapped in 

our screening as only an active promoter can lead to the adequate 

expression of the gene trap reporter. In contrast, CRISPR/Cas9 

mutagenesis can mutagenize the region regardless of the transcriptional 

status of the gene and the integration site of the sgRNA vector, providing 

better coverage than gene trap mutagenesis. Interestingly, the use of 
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focused sgRNA libraries may even allow customized mutagenesis of a 

specific cellular pathway of interest (Zhu et al. 2016; Cao et al. 2017). 

Another significant advantage is mapping. While this study has required 

an inverse PCR coupled to cloning strategy, for subsequent mapping of the 

region by NGS; in CRISPR/Cas9 screenings, the mutated gene can be 

identified by direct sequence analysis of the integrated sgRNA vector (Zhu 

et al. 2019). 

Another aspect with important implications for this screening is the 

stochastic nature of HIV-1 transcription (Dar et al. 2014). Due to 

stochasticity, we have noticed that a significant number of reactivated cells 

(GFP positive) in the first rounds of cell sorting, were reverting to a GFP 

negative state. Only after multiple rounds of FACS selection, we were 

finally able to enrich for a stable, double-positive population which we 

have then characterized. While it may be considerably challenging to 

identify molecules that can suppress transcriptional noise, due to its 

intrinsically low threshold; suppression of transcriptional noise could 

potentially be used as a strategy to limit spontaneous reactivation (Dar et 

al. 2014). This could potentially allow a more efficient selection of a 

stable, double-positive population.  

 

In Chapter 4 we have followed a complementary strategy in 

which, without any prior knowledge over the molecular target, we have 

used J-Lat 11.1 and J-Lat A2 cells as cellular reporters to screen for 

biologically active natural compounds capable of reactivating HIV-1 

transcription.  

It is important to note that biological systems represent an 

enormous source of functionally active molecules with high chemical 

diversity and biochemical specificity. Half of the novel small molecules 

introduced in the market between 1981 and 2018 are nature-derived 

(Newman and Cragg 2016). Fungi, in particular, secrete a plethora of 

extracellular secondary metabolites that represent a vast and largely 

unexplored source of small molecules with potential pharmaceutical 

properties (Sanchez et al. 2012). Importantly, secondary metabolites from 

fungal origins, such as GTX, constitute a very important resource also for 

the rational design of novel drugs as the molecules produced are of low 
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molecular weight and highly heterogeneous and may be used as essential 

building blocks (Leitão and Enguita 2014). 

As a source of natural compounds, we have used a large collection 

of fungal extrolites of 115 different fungal species, belonging to 28 orders 

(43 families) of the fungal kingdom. By then using orthogonal mass 

spectrometry with repeated fractionation of the fungal supernatants we 

were able to determine the composition of the active fractions and identify 

Gliotoxin (GTX) as an essential component for latency reversal.  

This source of small molecules is ideal for an academic setting like 

our lab where we could combine low- and medium-throughput cellular 

activity screenings with fractionation, purification and the biochemical 

characterization of the molecular mechanism of the compound activity. 

Crucially, in our study, we have used an extremely large and varied 

collection of fungal extrolites to diversify as much as possible the 

collection of secondary metabolites screened. Remarkably, this study did 

not only led to the identification of a novel candidate LRA, and potentially 

a building block for the design of a more specific drug, but also to the 

identification of transcriptional elongation as a druggable regulatory 

mechanism of latency. We have demonstrated that GTX, by inhibition of 

LARP7 assembly and subsequent destabilization of the 7SK RNA, can 

disrupt the 7SK snRNP complex. The 7SK snRNP complex is the 

inhibitory ribonucleoprotein scaffold of the positive transcription 

elongation factor P-TEFb, which sequesters P-TEFb leading to RNA pol 

II proximal promoter pausing. We have shown that GTX leads to the 

release of active P-TEFb from the 7SK snRNP complex. Active P-TEFb 

then phosphorylates the RNA pol II (Pol II) C-terminal domain (CTD), 

boosting HIV-1 transcription by stabilizing Pol II-dependent 

transcriptional elongation. GTX is the first known molecule, to date, to be 

able to induce direct and specific disruption of the 7SK snRNP complex, 

facilitating elongation. It has been recently established that transcriptional 

elongation is a crucial rate-limiting step to productive transcription in 

patients CD4+ T cells (Yukl et al. 2018). The identification of GTX as a 

small molecule able to induce a significant increase of cell-associated 

HIV-1 RNA, in all patients CD4+ T cells examined, is therefore a 

remarkable advancement in the field and a major addition to the broad 
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arsenal of LRAs available for combinatorial treatments (described in 

Chapter 5).  

Interestingly, for combinatorial approaches to latency reversal, we 

found that the use of GTX strongly synergizes with LRAs that derepress 

the chromatin structure such as BAF and HDAC inhibitors. Conversely, in 

latently infected primary CD4+ T cells, cotreatment with GTX and BET 

inhibitors only resulted in an additive effect. This can be explained by the 

fact that BET inhibitors, by antagonizing Brd4 mediated inhibition of Tat 

transactivation, also target transcriptional elongation (Z. Li et al. 2013). 

Thus far, only simultaneous pharmacological targeting with drugs acting 

on markedly different regulatory steps is capable of synergizing (e.g, 

HDAC inhibitors with PKC inhibitors) (Zaikos et al. 2018).  

It is important to note that the inhibitors identified in this thesis: 

Iberdomide (Chapter 2), Topiramate (Chapter 3), and Gliotoxin 

(Chapter 4), also act on markedly different routes to latency. It may be 

therefore interesting to explore their use in combination, in future studies, 

as it may result in synergistic effects on viral reactivation.  

 

In the general introduction to this thesis (Chapter 1), we have 

provided a detailed overview of the known molecular mechanisms and 

cellular pathways that contribute to the establishment and maintenance of 

HIV-1 latency. In Chapter 5, based on this extensive foundational 

knowledge and the most recent discoveries in the field, we have reviewed 

what are the state of art therapeutic interventions that show significant 

latency reversal potential, in in vitro and in vivo models of latency. This 

chapter provides a comprehensive overview of latency reversal approaches 

available, classified into different functional categories based on their 

mechanism of action, that can be used in combinatorial approaches. 

Histone post-transcriptional modification modulators and in 

particular, class I histone deacetylases (HDAC), are one of the most well-

established classes of LRAs presented in this classification (Zaikos et al. 

2018; Margolis 2011). Several HDAC inhibitors within this class, 

including romidepsin and vorinostat, have shown high potential in the 

cellular model of latency and have been investigated for their latency 

reversal ability in clinical trials (Rasmussen and Lewin 2016; Andersen, 

Ntie-Kang, and Tietjen 2018). However, while in some cases transient 
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latency reversal has been observed upon their administration, none of these 

studies has reported a significant reduction of the reservoir size in patients 

(Abner and Jordan 2019; Zerbato et al. 2019). Another class of LRAs, such 

as PMA, Bryostatin, prostratin, and ingenol derivatives, exploits the NF-

kB pathway engagement through the protein kinase C (PKC) pathway, an 

essential component of reactivation of the latent HIV-1 promoter, 

Prolonged activation of NF-kB, however, contributes to the development 

of various autoimmune, inflammatory, and malignant disorders and has 

therefore raised important safety concerns in clinical settings (Abner and 

Jordan 2019; Zerbato et al. 2019). Other important chromatin modulators 

presented here are BET inhibitors (Abner et al. 2018; P. Lu et al. 2016; 

Banerjee et al. 2012) and BAF inhibitors (Stoszko et al. 2016; Marian et 

al. 2018), which have also been shown to have a low toxicity profile shown 

and to synergize well with other classes of LRAs such as PKC agonists 

and HDAC inhibitors. More recently, TLR agonists and SMAC mimetics 

have also emerged as a promising LRA category as they can engage non-

canonical NF-kB signaling and induce activation of the latent reservoir 

without eliciting systemic T cells activation (Pache et al. 2015; Campbell 

et al. 2018; Macedo, Novis, and Bosque 2019; Pache et al. 2020). 

 

Despite the promising results obtained in vitro and in cellular 

models of latency, finding the right latency reversal intervention has 

proven to be extremely challenging due to the dynamic and heterogeneous 

nature of the latent reservoir and patient variability (Bradley et al. 2018; 

Ait-Ammar et al. 2020). Evidence has shown that no single LRA is likely 

capable of inducing the entire latent proviral reservoir (Rato et al. 2017; 

Battivelli et al. 2018). Additionally, a study performed on independent, 

barcoded HIV-1 infection ensembles (B-HIVE) has revealed that single 

LRAs from different classes activate proviruses from distinct, unique 

integration sites and that no single compound is likely to reactivate latency 

from the total viral reservoir of a patient (Chen, Zorita, and Filion 2018). 

While those findings have partially challenged the concept of latency 

reversal followed by elimination of the virally reactivated cell reservoir, 

they have also reinforced the idea that a successful latency reversal 

strategy may only be achieved using a combinatorial approach in which 

cocktails of multiple LRAs ‘’Shocktails”, acting on different molecular 
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targets and cellular pathways, are used to elicit highly synergistic effects. 

Alternatively, sequential treatments with different LRAs may also be a 

viable option (Bouchat et al. 2016). As explained in chapter 5, successful 

combinatorial treatment with LRAs should provide not only a high 

magnitude of reactivation but a degree of specificity to the intervention 

and should be robust enough to overrule the patient’s specificity and the 

heterogeneity of the latent reservoir. Several clinical trials using a 

combination of LRAs are ongoing (Abner and Jordan 2019; Stoszko et al. 

2019). 

To date, proof of concept that latency reversal followed by 

elimination of the virally reactivated cell reservoir represents a viable 

strategy for a functional HIV-1 cure comes from recent evidence showing 

that elite HIV-1 controllers harbor the vast majority of the integrated 

proviruses in gene desert regions and chromatin regions with limited gene 

activity; suggesting that more re-activatable infected cells pools, within 

the reservoir, may have been eliminated in those individuals (Jiang et al. 

2020). In an attempt to replicate this naturally occurring phenomenon with 

pharmacological interventions, robust latency reversal may represent the 

first step towards the elimination of the highly reactivatable fraction of the 

reservoir while latency promoting interventions may be useful for 

stabilizing its refractory/quiescent part (Chapter 5). 

In Chapter 2 and 3 and of this thesis we presented novel important 

discoveries that contribute to a better understanding of the routes to 

latency, expand the known repertoire of available LRAs and constitute an 

important resource for moving the field forward, towards the design of a 

more powerful strategy for latency disruption. It has become apparent 

during the course of our research, however, that chromatin and epigenetic 

silencing of the viral promoter, and a restricted rate of transcriptional 

initiation, are not the only mechanisms contributing to HIV-1 latency.  

 

The large majority of replication-competent latent proviruses in 

cART suppressed HIV infected participant reservoirs have been shown to 

contain a block to expression, not only at transcription elongation but also 

at completion (polyadenylation) and vRNA splicing (Yukl et al. 2018; M. 

J. Pace et al. 2012; Telwatte et al. 2018). Following transcription, 

production of viral particles requires a carefully regulated and balanced 

275



post-transcriptional processing of the newly synthesized HIV-1 vRNA 

template for its efficient splicing, export, and translation (Karn and 

Stoltzfus 2012a; Lassen et al. 2006; Rojas-Araya, Ohlmann, and Soto-Rifo 

2015). Altered transcriptional completion can compromise viral RNA 

stability and lead to a block in HIV-1 vRNA nuclear export (Lassen et al. 

2006) and translation (Rojas-Araya, Ohlmann, and Soto-Rifo 2015). 

Suboptimal splicing can also contribute to latency as efficient viral 

replication requires optimal regulation of vRNA and mRNA production, 

and a balanced expression of all the viral proteins (Karn and Stoltzfus 

2012b). A block to one or more of these processes may hamper viral 

protein production thus negatively affecting the immunogenicity of 

reactivated cells. The field is therefore currently moving towards 

investigating therapeutic interventions that can modulate these processes 

(also reviewed in Chapter 5). 

Importantly, as evidence points to transcription elongation and 

RNA processing as critical steps involved in HIV-1 latency in vivo (Yukl 

et al. 2018), in Chapter 2 we chose to target our multiple epitopes tagged 

HA-V5-FLAG-dCas9 bait downstream of the HIV-1 transcriptional start 

site (TSS), in a transcribed areas. Consequently, we have observed that a 

significant number of factors identified by Catchet-MS are likely recruited 

to the locus co-transcriptionally through association with the nascent viral 

RNA. The list of RNA-bound factors presented in this chapter may 

represent an important resource of putative regulators post-transcriptional 

vRNA processing, worth further investigation.  

 

Elimination of the virally reactivated cell reservoir also requires 

some urgent and special attention. Many clinical trials with LRAs have 

shown that, while in some cases it is possible to achieve a significant 

degree of viral reactivation in vivo, clearance of the reactivated cells is 

limited (Nancie M. Archin et al. 2017; N. M. Archin et al. 2012; Elliott et 

al. 2015; 2014; Gutiérrez et al. 2016; Rasmussen et al. 2014). There may 

be multiple reasons why LRAs alone cannot induce clearance of the 

reservoir.  

First, it has been observed that latently infected cells have an 

increased expression of anti-apoptotic proteins and are therefore more 

resistant to apoptosis (López-Huertas et al. 2013; Timilsina et al. 2016; 
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Cummins and Badley 2013). Additionally, in infected cells, HIV-1 

proteins have been shown to counteract intrinsic and innate immunity 

pathways (Bergantz et al. 2019). Administration of killing agents such as 

pro-apoptotic drugs (PADs) (Youry Kim, Anderson, and Lewin 2018; 

Hayes 2020) and the use of drugs interventions that can restore HIV-1 

sensing and activate innate immunity  may represent a strategy to induce 

death of the virally reactivated HIV-1 infected cells (Bergantz et al. 2019).  

Secondly, immune escape mutations (Deng et al. 2015) and T cell 

exhaustion (Chew et al. 2016; Day et al. 2006) has been observed in 

chronic infection, thus reducing the cytotoxic T lymphocytes response. 

Another issue is that potent HDAC inhibitors, which are widely used in 

the field, such as vorinostat, panobinostat, and romidepsin, have been 

shown to directly inhibit CD8+ T-cell and natural killer (NK) cell function, 

in vitro,  potentially compromising immune clearance (M. Pace et al. 

2016). 

Additionally, LRAs effects on non-T cell cellular reservoirs, such 

as macrophages and dendritic cells, may be limited as those cells are less 

affected by cytopathic effects of viral expression (Thorlund et al. 2017). 

The use of immune-boosting strategies such as therapeutic vaccines 

(Stephenson 2018), checkpoint inhibitors (Abbar et al. 2020), antibodies 

(Kumar et al. 2018) or immunotherapeutic, has therefore been proposed to 

strengthen and actively induce, immune system-mediated killing of the 

infected cells.  Also reviewed in Chapter 5 (Stoszko et al. 2019), and 

expanded here.  

Several pro-apoptotic drugs, developed for cancer treatment, have 

been tested for their capacity to induce apoptosis in latently infected cells. 

The second mitochondria-derived activator of caspase mimetics (SMAC 

mimetics) can bind to inhibitor of apotosis proteins (IAPs) to induce both 

their inhibition and degradation, hence promoting apoptosis (Z. Gao et al. 

2007; Bertrand et al. 2008). SMAC mimetics such as Birinapant, embelin, 

and GDC-0152 were found to lead to selective killing of HIV-1 infected 

central memory T cells by the degradation of XIAP and BIRC2 (Campbell 

et al. 2018) with a moderate effect on latency reversal in patient cells, in 

combination with vorinostat (Pache et al. 2015). Those findings suggest 

that SMAC mimetics may be capable of inducing cell death and depletion 

of the reservoir in vivo, in combination with effective LRAs.  
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Other pro-apoptotic drugs have also shown to be promising such 

as BH3-mimetic, or Bcl-2 inhibitors, that by mimicking the binding 

domain of pro-apoptotic molecules can antagonize the anti-apoptotic Bcl-

2 family proteins (Balakrishnan and Gandhi 2013; Cummins et al. 2016). 

An ex vivo study has shown that the BH3 mimetics Venetoclax and 

Navitoclax led to the depletion of latently infected central memory cells 

upon anti-CD3 and anti-CD28 antibodies costimulation (Cummins et al. 

2016). Importantly, Venetoclax has also been shown to promote selective 

killing of infected cells during productive infections, in vitro (Cummins et 

al. 2017).  

Activation of the P13k/Akt survival pathway also restricts 

apoptosis (Rodrik-Outmezguine et al. 2011). HIV-1 Nef activates PI3K 

signaling leading to inhibitory phosphorylation of the pro-apoptotic factor 

Bad, blocking apoptosis (Chugh et al. 2008). HIV-1 Tat interferes with 

P53 binding to PTEN, thus promoting its degradation and activation of Akt 

(Chugh et al. 2008; N. Kim et al. 2010). Importantly, P13K/Akt inhibitors 

have been found to predispose latently infected macrophages and 

microglia to cell death by upregulation of pro-apoptotic genes (Lucas et 

al. 2010; Yuri Kim et al. 2011).  

Cells also have innate immune responses to invading viruses such 

as the pattern recognition receptors (PRRs), including toll-like receptors 

(TLR) and retinoic acid-inducible gene I (RIG-I) that can trigger apoptosis 

of infected cells (Mogensen 2009). Stimulation of TLRs may lead to 

dendritic cell (DC) maturation, activation of natural killer (NK) cell, 

enhanced antigen presentation, and adaptive immune responses (Iwasaki 

and Medzhitov 2004; Kawasaki and Kawai 2014). 

 In the context of HIV, TLR agonists have been shown to have a 

role both as LRAs and immune modulators. The TLR7 agonists GS-986 

and GS-9260 have been reported to be capable of inducing viral 

production in SIV-infected rhesus macaques on ART and also induced 

activation of multiple immune cell population (Lim et al. 2018). The TLR9 

agonist lefitolimod (MGN1703) has been shown to be able to induce a 

significant increase in plasma HIV RNA and activation of immune 

responses such as dendritic cells (DCs), NK cells, and T cells (Vibholm et 

al. 2017). The effect of TLR-mediated reactivation of latently infected 

cells appears to be mediated in large part by Dendritic cells activation and 
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subsequent stimulation of T cells by IFN-alpha (Martinsen et al. 2020). 

Other studies in non-human primates (NHP) have shown very promising 

data: in combination with a therapeutic vaccine or broadly neutralizing 

antibodies, administration of TRL agonists leads to an increase in the 

magnitude and breadth of immune responses to SIV, and some of these 

combinations are currently moving into clinical testing (Martinsen et al. 

2020). 

RIG-I is an RNA helicase that can sense viral RNA, including 

HIV-1, and induce antiviral signaling and apoptosis (Chow, Gale, and Loo 

2018). It has been shown that RIG-I inducers such as retinoic acid (RA) 

and its derivatives (e.g Acitretin) can also trigger selective apoptosis of 

HIV-1 infected central memory T cells, in vitro (P. Li et al. 2016). 

It has also been observed that in people living with HIV-1, 

chronically-activated, exhausted T cells overexpress immune check-points 

(ICPs) such as  programmed-cell-death-1 (PD-1), cytotoxiclymphocyte-

antigen-4 (CTLA4), T-cell-immunoglobulin and mucin-domain-

containing-3 (TIM3), lymphocyte-activation-gene-3 (LAG3) and T-cell-

immune-receptor with Ig and ITIM domains (TIGIT) (Fromentin et al. 

2016; McGary et al. 2017). Importantly, expression of PD-1 and other 

ICPs inhibits T cells proliferation and function (Day et al. 2006; Parry et 

al. 2005) and restricts viral replication in infected cells (Evans et al. 2018; 

Fromentin et al. 2019). Use of Immune checkpoint inhibitors (ICPs) in the 

context of latency reversal has been shown to be capable of restoring HIV-

specific CD8+ T cell functions, in vitro (Day et al. 2006; Kaufmann et al. 

2007; Trautmann et al. 2006)  and inducing HIV production from the latent 

reservoir (Evans et al. 2018; Fromentin et al. 2019). Clinical trials aimed 

at determining their feasibility and efficacy as anti-HIV therapy are 

ongoing (Cai et al. 2020).  

Accumulating evidence is also pointing to NK cells as crucial for 

the control of HIV-1 infection by the immune system. Approaches that 

augment NK cells responses may also improve killing of the infected cells 

(Peppa 2019). 

 

The use of CAR T cells targeting HIV-1 has also been proposed 

for a long time as a strategy for boosting cytotoxic T lymphocytes (CTL) 

responses before viral activation by LRAs. Studies have revealed that in 
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elite controllers, spontaneous control of viral levels is largely mediated by 

CD8+ T-cell response (Blankson 2010). Remarkably, elite controllers 

have higher than average functional avidity and broad cross-reactivity of 

their CTL responses that is able to deal with viral escape mutations (Mothe 

et al. 2012). Equipping CD8+ T cells with a CAR with broad antigen 

capacity could therefore be key to a cure. The first-generation CAR T cells, 

targeting the HIV glycoprotein (gp120) with a chimeric CD4 receptor have 

shown to be safe, leading to stable and prolonged engraftment in patients, 

however with no substantial effect on the viral reservoir (Deeks et al. 2002; 

Scholler et al. 2012). Multi specific anti-HIV CAR T cells, duoCARs 

(targeting both the gp120 CD4-binding site and the gp120 co-receptor–

binding site) have been shown to be capable of eliminating HIV in a mouse 

model, suggesting that a multiantigen approach to targeting HIV may 

represent a more promising strategy (Anthony-Gonda et al. 2019). Broadly 

neutralizing antibodies, found in approximately 20% of infected 

individuals, have the ability to neutralize most circulating strains by 

targeting the envelope glycoprotein (Env) (Kwong, Mascola, and Nabel 

2013). The development of bNAb-based CAR T has shown promising 

results in vitro as co-culturing of latently infected T cells with bNAb-based 

CARs led to specific activation and killing of the infected cells (Hale et al. 

2017). Another possible avenue for cellular therapy is the use of 

autologous infusion of CCR5-modified CD4 T cells, or hematopoietic 

stem progenitor cells HSPCs, that cannot be infected and therefore persist 

longer in the blood of patients than unmodified cells (Tebas et al. 2014; 

Xu et al. 2019). 

Therapeutic Vaccine research has also made important progress in 

educating the immune system of HIV-1 infected individuals. The aim is to 

stimulate the immune system to elicit broad immune responses that could 

help the killing of the infected cells or control of viral replication in the 

absence of cART (Stephenson 2018). While none of the strategies, thus 

far, has successfully led to long-term HIV remission in clinical trials, after 

cART interruption, several vaccine strategies, however, have been shown 

to be able to broaden the host immune responses to recognize a wide range 

of escape variants (Stephenson 2018). Nonhuman primate research 

suggests that therapeutic vaccines that are able to elicit broad immune 

responses may be useful, in combination with LRAs or immune 
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modulators, to induce long-term HIV remission in humans (Stephenson 

2018; Martinsen et al. 2020). 

The list of immune-boosting strategies and interventions to induce 

cell death or killing of infected cells, upon latency reversal, is rapidly 

expanding. We have not exhaustively examined here all the approaches 

but attempted to provide an overview of the most promising strategies that 

could be combined with the right latency reversal approach, for an 

effective cure. Several barriers still need to be effectively tackled but many 

different lines of research are offering potential pathways to an HIV-1 

cure. Despite the scarce successes of shock and kill in clinical trials there 

are reasons to be optimistic. The rapidly expanding repertoire of LRAs, 

reviewed in Chapter 5, offers a multitude of combinatory therapeutic 

avenues that need to be explored in clinical settings. We now have a pretty 

solid understanding of what the roadblocks to viral reactivations are and 

what the strategies could be to overcome those barriers. Additionally, 

immunological approaches and kill strategies are also obtaining promising 

results, bringing us closer to the design of an effective strategy to deplete 

the latent HIV-1 reservoir. Among a plethora of possibilities and possible 

strategies; a pathway to a cure, either functional or sterilizing, should be 

safe, feasible, able to overrule individual variability, effective, durable, 

and scalable. Those criteria should guide our selection for moving the field 

forward in clinical settings.    
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SUMMARY 

Since the discovery of HIV-1 as the causative agent of acquired 
immunodeficiency syndrome (AIDS), in 1983/1984, significant advances 
have been made in understanding the molecular pathogenesis of the 
infection. While the virus constantly mutating nature has made it 
impossible to develop an effective vaccine, the development of highly 
effective antiviral drugs and the advent of combination antiretroviral 
therapy (cART) has allowed the reduction of AIDS-associated mortality 
and prevented transmission to uninfected individuals. Despite these 
successes, the quest for an HIV-1 cure remains a global priority as cART 
is not curative, has side effects, and must be taken lifelong. Additionally, 
the global roll-out of cART, particularly in resource-limited countries, 
remains an ongoing challenge.  
 
HIV-1 persists because, following infection, the provirus can establish 
latent infection in resting CD4+ T cells and other long-lived immune cell 
populations. Due to this reservoir of long-lived latently HIV-1 infected 
cells, interruption of cART leads to a rapid rebound of unrestricted viral 
replication, necessitating life-long treatment. Therapeutic strategies for 
HIV-1 cure aim to eliminate, inactivate, or reduce the pool of latently 
infected cells such that the patient’s immune system can control viral 
replication upon cessation of cART. A popular strategy is to induce viral 
production in latently infected cells, using drug interventions referred to 
as latency reversal agents (LRAs), to render the infected cell recognizable 
to the immune system or susceptible to viral cytopathic effects for 
elimination. 
 
In this thesis, we developed three different and complementary discovery 
tools that have led to the identification of novel molecular targets, critical 
for HIV-1 latency and novel small molecule latency reversal agents 
(LRAs) that can be exploited for therapeutic interventions aiming at 
reversing latency. This work further expands the known repertoire of 
factors and cellular pathways that determine viral latency (described in the 
general introduction: Chapter 1) and contributes to a better 
understanding of the mechanisms and routes that can be targeted by 
latency reversal strategies.  
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In Chapter 2 (Ne et al. 2021) of this thesis we designed a locus-specific 
proteomic strategy to identify, in an unbiased way, host proteins physically 
associated with the latent and active, integrated proviral promoter. We 
made use of a nuclease deficient  Cas9 bait tagged by multiple epitopes 
(HA-V5-FLAG-dCas9) to purify the region of interest and introduced a 
histone enrichment step in the purification pipeline to enrich for the 
chromatin-bound fraction of the dCas9 associated complexes. Importantly, 
this work resulted in the establishment of a locus specific proteomic 
purification pipeline that we named “dCas9 targeted chromatin and histone 
enrichment for mass spectrometry’’ (Catchet-MS), which can be of great 
interest in the field of chromatin regulation.  

Catchet-MS resulted in the identification of multiple novel (and several 
previously characterized) host factors, physically associated with the latent 
and active HIV-1 promoter and represent an invaluable resource of 
putative regulators of its activity. We found that IKZF1 is a novel HIV-1 
5’LTR bound transcriptional repressor, required for the recruitment of the 
Polycomb repressive complex 2 (PRC2) to the region and for the 
establishment of a repressive chromatin environment characterized by the 
H3K27me3 mark. Of therapeutic interest, we also show that the clinically 
advanced thalidomide derived drug iberdomide, which targets IKZF1 for 
degradation, reverses latency in ex vivo HIV-1 infected primary CD4+ T 
cells and results in significantly increased levels of cell-associated HIV-1 
Gag RNA in cells isolated from cART suppressed, HIV-1 infected 
participants.  

In Chapter 3 (Roling et al. 2021) we presented an alternative and unique 
approach by which, using a two-color insertional mutagenesis screening 
in pseudo-haploid KBM7 cells, we were able to identify previously 
unknown genes whose disruption leads to upregulation of HIV-1 
expression. Here, as a cellular platform for the screening, we generated a 
latently infected KBM7 cell line (Hap-Lat) harboring an integrated 
transcriptionally silent HIV-1 5’LTR that controls expression of a GFP 
reporter gene. Hap-Lat cells were then subjected to gene trap (GT) 
insertional mutagenesis using an mCherry reporter GT virus. Upon 
mutagenesis, Hap-Lat cells expressing GFP as a reporter of HIV-1 
reactivation, and mCherry, confirming the presence of a GT virus, were 
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selected by multiple rounds of fluorescence activated cell sorting (FACS) 
and subjected to NGS mapping of the integration sites.  

Using this methodology, we have identified a list of 69 candidate genes, 
of which, we could confirm 10 to be required for HIV latency in different 
cellular models of latency, thus representing an important resource for 
future studies. Importantly, for 3 of the novel candidates identified we 
tested different small molecule inhibitors of which, the glutamate 
ionotropic receptor kainate type subunit 5 (GRIK5) inhibitor, Topiramate, 
was found to have potential clinical relevance. Among the factors 
identified we also identified CHD9 to be a 5’LTR bound chromatin 
associated factor that is removed upon viral reactivation in cellular models 
of latency. 

In Chapter 4, without any a priori knowledge of the targeted molecular 
effector, we screened a library of growth supernatants from selected fungal 
species in search of novel compounds capable of reversing HIV-1 latency. 
Here as a cellular platform for the screening we used latently HIV-1 
infected J-Lat 11.1 and A2 cells harboring GFP as a reporter for LTR 
activity. We identified the supernatant from the species Aspergillus 
Fumigatus to display latency reversal activity. Coupling our bioassay to 
orthogonal mass spectrometry (MS) and fractionation of the Aspergillus 
Fumigatus growth supernatant, we identified Gliotoxin (GTX), as a novel 
candidate LRA. Experiments on primary cells subsequently confirmed that 
GTX is a novel LRA capable of inducing HIV-1 activation in ex vivo 
infected CD4+ T cells and cells isolated from cART suppressed HIV-1 
infected participants, with limited toxicity. We then used transcriptome 
analysis, biochemical assays and molecular modelling to unravel the 
molecular mechanism of GTX mediated HIV-1 induction. 

Our data suggest that GTX targets the LARP7 component of the 7SK 
snRNP complex, which sequesters P-TEFb and disrupts it, causing release 
of P-TEFb. This results in enhanced availability of the free or active P-
TEFb fraction, which then is recruited by the Tat-TAR axis to 
phosphorylate RNA pol II in its C-terminal domain, hence stabilizing 
transcriptional elongation and increasing the rate of productive HIV-1 
transcription.  
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In Chapter 5, we present the state-of-the-art therapeutic interventions 
available to attack, mobilize and even permanently silence a reservoir of 
HIV-1 latently infected cells which has proven to be strenuous and very 
persistent in infected individuals. The novel drug interventions examined 
in this thesis may extend this list further. Importantly, this review also 
offers new perspectives into HIV-1 cure strategies.  

In the general discussion of the thesis (Chapter 6) we cover the strengths 
and limitations of the research tools used and offer potential 
improvements. We then review our findings and put them in a broader 
context, examining the implications and future directions in the 
development of unbiased screens for the identification of molecular targets 
and putative latency reversal agents. Lastly, we thoroughly discuss the 
limitations of the latency reversal strategy followed by elimination of the 
latent HIV-1 reservoir, propose a revision to this strategy, and discuss the 
opportunities for development of combinatory interventions towards an 
HIV-1 cure.  
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SAMENVATTING  

Sinds de ontdekking van HIV-1 als de veroorzaker van het verworven 
immunodeficiëntiesyndroom (AIDS), in 1983/1984, is er aanzienlijke 
vooruitgang geboekt bij het begrijpen van de moleculaire pathogenese van 
de infectie. Hoewel het virus dat voortdurend muteert het onmogelijk heeft 
gemaakt om een effectief vaccin te ontwikkelen, heeft de ontwikkeling van 
zeer effectieve antivirale geneesmiddelen en de komst van antiretrovirale 
combinatietherapie (cART) de aan aids gerelateerde mortaliteit 
verminderd en de overdracht naar niet-geïnfecteerde personen voorkomen. 
Ondanks deze successen blijft de zoektocht naar een HIV-1 remedie een 
wereldwijde prioriteit, aangezien cART niet genezend is, bijwerkingen 
heeft en levenslang moet worden ingenomen. Bovendien blijft de 
wereldwijde uitrol van cART, met name in landen met beperkte middelen, 
een voortdurende uitdaging. 

HIV-1 blijft aanwezig omdat het provirus na de infectie een latente infectie 
kan veroorzaken in rustende CD4+ T-cellen en andere langlevende 
immuun cellen. Vanwege dit reservoir van langlevende, latente met HIV-
1 geïnfecteerde cellen, leidt onderbreking van cART tot een snelle 
opleving van ongeremde virale replicatie, wat een levenslange 
behandeling noodzakelijk maakt. Therapeutische strategieën voor de 
genezing van HIV-1 zijn gericht op het elimineren, inactiveren of 
verminderen van de poel van latent geïnfecteerde cellen, zodat het 
immuunsysteem van de patiënt na stopzetting van cART de virale 
replicatie kan controleren. Een populaire strategie is om virale productie 
in latent geïnfecteerde cellen te induceren, met behulp van 
medicamenteuze interventies die latentie omkeer middelen (LRA's) 
worden genoemd, zodat de geïnfecteerde cel herkenbaar wordt voor het 
immuunsysteem of vatbaar wordt voor virale cytopathische effecten wat 
resulteert in eliminatie. 

In dit proefschrift hebben we drie verschillende en complementaire 
onderzoeksmethoden ontwikkeld die hebben geleid tot de identificatie van 
nieuwe moleculaire doelwitten die cruciaal zijn voor de latentie van HIV-
1, en nieuwe kleine moleculen (LRA's) die kunnen worden benut voor 
therapeutische interventies gericht op het omkeren van latentie. Dit werk 
breidt het bekende repertoire van factoren en cellulaire routes die virale 
latentie bepalen verder uit (beschreven in de algemene inleiding: 
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Hoofdstuk 1), wat bijdraagt aan een beter begrip van de mechanismen en 
signaleringsroutes waarop latentie-omkeerstrategieën gericht kunnen zijn. 

In Hoofdstuk 2 (Ne et al. 2021) van dit proefschrift hebben we een locus-
specifieke proteomische strategie ontworpen om op een 
onbevooroordeelde manier gastheereiwitten te identificeren die fysiek 
geassocieerd zijn met de latente of actieve, geïntegreerde provirale 
promotor. We maakten gebruik van een nuclease-deficiënte en met 
meerdere epitopen gelabeld Cas9 (HA-V5-FLAG-dCas9) om het gebied 
van interesse te zuiveren en introduceerden een extra histon-
verrijkingsstap in de zuiveringspijplijn om te verrijken voor de 
chromatine-gebonden fractie van de dCas9-geassocieerde complexen. 
Belangrijk is dat dit werk resulteerde in het opzetten van een locus-
specifieke proteomische zuiveringspijplijn die we 'dCas9 gerichte 
chromatine- en histon verrijking voor massaspectrometrie' noemden 
(Catchet-MS), welke van grootte interesse kan zijn voor het chromatine-
regulering vakgebied. 

Catchet-MS resulteerde in de identificatie van meerdere nieuwe (en 
verschillende eerder gekarakteriseerde) gastheerfactoren, welke fysiek 
geassocieerd zijn met de latente of actieve HIV-1-promotor en vormen een 
onschatbare bron van potentiele regulatoren van zijn activiteit. We 
ontdekten dat IKZF1 een nieuwe HIV-1 5'LTR-gebonden transcriptionele 
repressor is, vereist voor de rekrutering van het Polycomb-repressieve 
complex 2 (PRC2) naar de regio en voor de totstandbrenging van een 
repressieve chromatine-omgeving die wordt gekenmerkt door de 
H3K27me3 modificatie. Van therapeutisch belang is dat we ook aantonen 
dat het van thalidomide afgeleide medicijn iberdomide, dat in 
ontwikkeling is voor klinisch gebruik, zorgt voor afbraak van IKZF1 en 
de latentie in ex vivo met HIV-1 geïnfecteerde primaire CD4 + T-cellen 
omkeert en in cellen geïsoleerd uit cART-onderdrukte, met HIV-1 
geïnfecteerde deelnemers, resulteert in significant verhoogde niveaus van 
cel-geassocieerd HIV-1 Gag RNA. 

In Hoofdstuk 3 (Roling et al. 2021) presenteren we een alternatieve en 
unieke benadering waarmee we, met behulp van een tweekleurige insertie-
mutagenesescreening in pseudo-haploïde KBM7-cellen, voorheen 
onbekende genen konden identificeren waarvan de verstoring leidt tot op-
regulatie van HIV-1 expressie. Wij hebben als cellulair platform voor de 
screening een latent geïnfecteerde KBM7-cellijn (Hap-Lat) gegenereerd 
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dat een geïntegreerd transcriptioneel inactieve HIV-1 5'LTR bevat die de 
expressie van een GFP-reporter gen regelt. Hap-Lat-cellen werden 
vervolgens onderworpen aan gene trap (GT) insertiemutagenese met 
behulp van een mCherry reporter GT-virus. Na mutagenese werden Hap-
Lat-cellen die als een reporter van HIV-1-reactivering GFP tot expressie 
brengen, en mCherry, die de aanwezigheid van een GT-virus bevestigt, 
vervolgens geselecteerd door middel van meerdere ronden van 
fluorescentie-geactiveerde cel sortering (FACS) waarna vervolgens de 
integratie plekken in kaart worden gebracht door middel van NGS. 

Met behulp van deze methodologie hebben we een lijst van 69 kandidaat-
genen geïdentificeerd, waarvan we van 10 in verschillende cellulaire 
latentiemodellen hebben bevestigd dat die nodig zijn voor HIV-latentie en 
die vormen daarom een belangrijke uitgangspunt voor toekomstige 
studies. Belangrijk is dat we voor 3 van de geïdentificeerde nieuwe 
kandidaten verschillende moleculaire remmers hebben getest, waarvan de 
glutamaationotrope receptorkainaat-type subeenheid 5 (GRIK5) -remmer, 
Topiramaat, potentiële klinische relevantie bleek te hebben. Onder de 
geïdentificeerde factoren bevind zich ook CHD9, een in latente cellen 
5'LTR-gebonden chromatine-geassocieerde factor maar die niet meer 
bindt na virale reactivering in cellulaire latentiemodellen. 

In Hoofdstuk 4 hebben we, zonder enige a priori kennis van de beoogde 
moleculaire effector, een verzameling supernatanten van geselecteerde 
schimmelsoorten gescreend als manier om nieuwe verbindingen te 
identificeren die de latentie van HIV-1 kunnen omkeren. Als een cellulair 
platform voor de screening gebruikten we latent met HIV-1 geïnfecteerde 
J-Lat 11.1- en A2-cellen die GFP herbergen als een reporter voor LTR-
activiteit. We identificeerden het supernatant van de soort Aspergillus 
Fumigatus als latentie-omkeeractiviteit vertonend. Door onze bio assay te 
koppelen aan orthogonale massaspectrometrie (MS) en fractionering van 
het Aspergillus Fumigatus-supernatant, identificeerden we Gliotoxine 
(GTX) als een nieuwe kandidaat-LRA. Experimenten met primaire cellen 
bevestigden vervolgens dat GTX een nieuwe LRA is die in staat is om 
HIV-1-activering te induceren in ex vivo geïnfecteerde CD4+ T-cellen en 
cellen geïsoleerd uit cART-onderdrukte HIV-1-geïnfecteerde deelnemers, 
terwijl het beperkte toxiciteit vertoond. Vervolgens hebben we 
transcriptoom analyse, biochemische assays en moleculaire modellering 
gebruikt om het moleculaire mechanisme van GTX-gemedieerde HIV-1-
inductie te ontrafelen. 
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 Onze gegevens suggereren dat GTX zich richt op de LARP7-component 
van het 7SK snRNP-complex, dat P-TEFb rekruteert en dit proces 
verstoort, waardoor P-TEFb vrijkomt. Dit resulteert in een verbeterde 
beschikbaarheid van de vrije of actieve P-TEFb-fractie, die vervolgens 
wordt gerekruteerd door de Tat-TAR-as om RNA pol II in zijn C-terminale 
domein te fosforyleren, waardoor transcriptionele extensie wordt 
gestabiliseerd en de snelheid van productieve HIV-1 transcriptie wordt 
verhoogd. 

In Hoofdstuk 5 presenteren we de state-of-the-art therapeutische 
interventies die beschikbaar zijn om een reservoir van latente  HIV-1 
geïnfecteerde cellen aan te vallen, te mobiliseren en zelfs permanent tot 
zwijgen te brengen, waarvan bewezen is dat het zeer persistent is bij 
geïnfecteerde individuen. De nieuwe medicamenteuze interventies die in 
dit proefschrift worden onderzocht, kunnen deze lijst verder uitbreiden. 
Belangrijk is dat dit overzicht ook nieuwe perspectieven biedt op de 
behandelingsstrategieën voor HIV-1. 

In de algemene discussie van het proefschrift (Hoofdstuk 6) behandelen 
we de sterke punten en beperkingen van de gebruikte 
onderzoeksinstrumenten en bieden we suggesties voor mogelijke 
verbeteringen. Vervolgens bekijken we onze bevindingen en plaatsen ze 
in een bredere context, waarbij we de implicaties en toekomstige 
richtlijnen onderzoeken met betrekking tot de ontwikkeling van 
onbevooroordeelde screeningsmethoden voor de identificatie van 
moleculaire doelwitten en mogelijke latentie omkeermiddelen. Ten slotte 
bespreken we grondig de beperkingen van de latentie-omkering strategie 
gevolgd door eliminatie van het latente HIV-1-reservoir, stellen we een 
herziening van deze strategie voor en bespreken we de mogelijkheden voor 
de ontwikkeling van gecombineerde interventies voor HIV-1-genezing. 
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