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BRD4 modulator ZL0580 and LEDGINs
additively block and lock HIV-1 transcription

Eline Pellaers 1, Julie Janssens 2, Lore Wils 1, Alexe Denis 1, Anayat Bhat3,
Siska Van Belle1, Da Feng4, Frauke Christ 1, Peng Zhan4 & Zeger Debyser 1

The persistence of HIV-1 in a latent state within long-lived immune cells
remains a major barrier to a cure for HIV-1 infection. The “block-and-lock”
strategy aims to silence the HIV-1 provirus permanently using latency pro-
moting agents (LPAs). LEDGINs, a well-known class of LPAs, inhibit the inter-
action between viral integrase and LEDGF/p75, reducing viral integration and
retargeting the provirus to regions resistant to reactivation. However, proxi-
mity to enhancersmay still permit residual transcription. Given BRD4’s central
role in the enhancer biology, we now test two BRD4 modulators, JQ1 and
ZL0580. Mechanistic studies reveal that JQ1 and ZL0580 have contrasting
effects on Tat-dependent HIV-1 transcription, resulting in JQ1 promoting viral
reactivation and ZL0580 inducing transcriptional silencing. Combining
ZL0580with LEDGINs has an additive effect in blockingHIV-1 transcription and
reactivation, in both cell lines and primary cells. These findings demonstrate
the potential of ZL0580 to enhance the block-and-lock cure strategy.

Combination antiretroviral therapy (cART), has turned HIV infection
from a deadly into a chronic illness. While cART suppresses HIV
replication to undetectable levels, a latent reservoir of immune cells
with stably integratedHIVprovirus persists1. Hence, cART requires life-
long therapy, concommitant with residual viremia further driving
immune activation and inflammation leading to HIV-associated
complications2. To cure HIV-1 infection the latent reservoir needs to
be eradicated3 or permanently silenced4–9. Initial efforts focused on
eradicating infected cells using the shock-and-kill strategy3,10–12. How-
ever, challenges in clinical trials3,13–16 shifted the interest to block-and-
lock cure strategies inwhich the virus is pushed into a deep latent state
by using latency promoting agents (LPAs)3–10,17,18.

The Valente lab has targeted the viral protein Transactivator of
transcription (Tat)19,20, which recruits the positive transcription elon-
gation factor b (P-TEFb) to the paused RNA polymerase II, enhancing
viral transcription21. The Tat inhibitor, didehydrocortistatin A, was
shown toprevent transcriptional elongation in latency cell linemodels,
in primary cells from aviremic individuals, and in humanized mouse
models19,20,22. Moreover, this effect persisted after treatment cessation

for 25days in humanprimaryCD4+ T cells and for 19days inhumanized
mousemodels by the induction of epigenetic modifications20,22,23. This
is favorable in the block-and-lock cure strategy as it aims to induce a
durable suppressionofHIV-1 gene expressionby administering LPAs as
few times as possible, ideally once.

Although the Valente group first coined the term “block-and-
lock”22, LEDGINs were previously shown to induce deep latency in cell
culture. The lens epithelium-derived growth factor (LEDGF/p75)
directs HIV integration towards the methylated histone mark
H3K36me2/3, ensuring active transcription24–34. Using structure-based
drug design, small molecules were developed that bind to the LEDGF/
p75 pocket of the viral integrase, named LEDGINs35–40. Using ortho-
gonal approaches, LEDGINs were proven to reduce HIV-1 integration,
shift integration towards the inner nucleus and retarget the provirus
away from H3K36me2/338,40–43. As such, LEDGINs hamper the tran-
scriptional activity (block) andprevent reactivation from latency (lock)
even after their removal. However, neither didehydrocortistatin A, nor
LEDGINs by themselves suppress HIV-1 transcription completely and
durably, underscoring the need for new LPA drug targets.
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Using barcoded viruses, it was found that transcriptional activity
of HIV correlates with proximity to the LEDGF/p75 mark H3K36me2/3
and enhancers41. While, LEDGINs shifted integration away from
H3K36me2/3, still a small population of cells with high viral RNA
(vRNA) expression persisted. Vansant et al. proved that these high
vRNA expressing cells were integrated near enhancer sites, indepen-
dently of LEDGINs41. Given bromodomain-containing protein 4
(BRD4)’s role in the enhancer biology44,45, we now used BRD4 mod-
ulators to reinforce our LEDGIN-based block-and-lock cure strategy.
However, BRD4 competes with Tat for P-TEFb during HIV-1 transcrip-
tion, pausing the RNA polymerase II46–50. Most BRD4-modulators,
among which JQ1 is a well-known example, reactivate HIV-1 transcrip-
tion by binding to the acetyl-recognition pocket of BRD4 and as such
displacing BRD4 from the viral promotor46–50. Niu et al. discovered the
first BRD4modulator, ZL0580, which suppressesHIV-1 transcription in
latency cell line models and peripheral blood mononuclear cells
(PBMCs) from HIV-infected individuals51,52. Co-immunoprecipitation
(Co-IP) analysis and chromatin immunoprecipitation sequencing
(ChIP-seq) with key factors in HIV transcriptional elongation proved
that ZL0580 promotes the binding of BRD4 to the viral promotor,
increasing competition with Tat for P-TEFb51–53. Still, the full mechan-
ism of ZL0580 remains elusive.

To validate BRD4 as a drug target for a block-and-lock functional
cure strategy, we investigated the inhibitory effect of ZL0580 on HIV-1
transcription in a side-by-side comparison with JQ1. Using luciferase
reporter readouts in latency cell line models and PBMCs, we confirm
that JQ1 promotes and ZL0580 suppresses HIV-1 transcription and
reactivation. Interestingly, multiple pretreatments with ZL0580 extends
inhibition of HIV-1 transcription after its removal from cell culture,
indicating that theviral promotormaybeepigenetically locked inadeep
latent state. Next, we investigated the molecular mechanism of both
BRD4 modulators. Using single-cell branched-DNA (bDNA) imaging we
corroborate that JQ1 stimulates and ZL0580 inhibits HIV-1 transcription/
reactivation without having an impact on viral DNA (vDNA) levels. Co-
localization analysis shows that JQ1 suppresses and ZL0580 enhances
the co-localization of BRD4 with acetylated histones. Moreover,
JQ1 stimulates and ZL0580 inhibits Tat-dependent transcription in a
HeLa-derived cell line harboring an integrated luciferase reporter gene
under control of the HIV-1 promotor. Finally, ZL0580 additively silences
HIV-1 transcription in combination with LEDGINs in latency cell line
models and PBMCs infected in vitro. This is in line with our hypothesis
that BRD4-driven enhancers may steer residual transcription after
LEDGIN-treatment. To conclude, combining LEDGINs and ZL0580
increases the efficiency of the block-and-lock cure strategy. In addition,
this study provides a preliminary assessment of the potential of BRD4
modulators as LPAs. However, for clinical application, the toxicity,
potency and persistence of ZL0580 still require optimization.

Results
The BRD4modulators JQ1 and ZL0580have opposing effects on
HIV-1 gene expression in latency cell line models
We assessed the effect of JQ1 and ZL0580 (Fig. 1a) on HIV-1 tran-
scription and on cell viability in parallel in SupT1 cells. To this end,
SupT1 cells were transduced with replication-deficient (single-round)
NL4.3-basedHIV-1 virus encoding luciferase, further referred to asHIV-
1 FLuc virus. 3 days post-transduction, the residual virus was washed
away, and cells were subcultured for an additional 7 days to allow
silencing to occur. On day 10 post-transduction, a dilution series of
compounds was added to the cells. Half of the wells were additionally
reactivatedwith 10 ng/mL tumor necrosis factor alpha (TNF-α). Finally,
24 h post-reactivation, sampleswere harvested for the luciferase assay,
flow cytometric analysis, and the MTT assay, as illustrated in Fig. 1b.
Using luciferase as a readout, we investigated the effect of JQ1 and
ZL0580 on HIV-1 transcription. JQ1 increased LTR-driven luciferase
reporter expression in non-reactivated and TNF-α reactivated cells,

with the stimulation reaching its maximum at 1μM JQ1 (Fig. 1c). Rela-
tive luciferase expression was calculated by dividing the protein-
normalized luciferase counts of the untreated controls by those of the
JQ1-treated cells, separately for non-reactivated and TNF-α reactivated
cells. This calculation indicated that 1μM JQ1 approximately increased
basal transcription to 250% and reactivation to 150% compared to
respectively the non-reactivated and reactivated untreated control,
shown at 100% (Fig. 1d). As JQ1 does not reactivate dose-dependently
but reaches a maximum at 1μM, no IC50 could be calculated. Para-
doxically, ZL0580 dose-dependently suppressed the expression of the
luciferase reporter gene in both non-reactivated and TNF-α stimulated
cells (Fig. 1e). The IC50 of ZL0580 was calculated at 6.43 ± 0.34μM in
the non-reactivated cells and 4.14 ± 0.37μM in the TNF-α reactivated
cells (Fig. 1f).

In parallel cells were stained with propidium iodide and analyzed
with flow cytometry to determine the toxicity. JQ1 did not affect cell
viability at the concentrations used (Fig. S1a). However, ZL0580
showed toxicity from concentrations starting at 5μM. The CC50 value
of ZL0580 was estimated at 11.36 ± 0.55μM and 10.89 ±0.42μM in
non-reactivated and reactivated cells, respectively (Fig. S1b). As such, a
selectivity index (SI) of ZL0580 was calculated at 1.77 ± 0.13 and
2.63 ±0.26 in non-reactivated and reactivated cells. Because propi-
dium iodide staining only detects late-stage membrane damage,
additional toxicity studies were performed using theMTT assay, which
measures metabolic activity. Non-infected SupT1 cells were incubated
with a dilution series of ZL0580 for 24 h, and a CC50 of 9.65 ± 1.02μM
was calculated (Fig. S1c). Additionally, cells were infected, treated with
ZL0580, and reactivated according to the protocol outlined in Fig. 1b.
The MTT assay was performed on day 11 post-transduction. For this
protocol, a CC50 of 7.06 ±0.37μM was calculated for non-reactivated
cells, and 8.53 ± 0.45μM for reactivated cells (Fig. S1d), resulting in a SI
of 1.10 ±0.08 and 2.06 ±0.21 in non-reactivated and reactivated cells
respectively. In Fig. S1e–f, the activity of ZL0580, measured by luci-
ferase reporter expression, is overlaid with its toxicity, assessed using
propidium iodide staining and the MTT assay. The toxicity data indi-
cate that in non-reactivated cells, the concentrations at which ZL0580
is active are close to those at which it exhibits toxicity (Fig. S1e).
However, for reactivated cells, the reduction in LTR-driven luciferase
activity is more pronounced compared to the impact on cell viability
(Fig. S1f). Notably, at concentrations between 2.5-7.5μM, a significant
decrease in HIV transcription is observed, while cytotoxicity remains
relatively low (Fig. S1f). This indicates that the LPA effect after reacti-
vation is specific to HIV-1 transcription. Moreover, in our assay, the
luciferase counts were normalized to the total protein concentration,
determined with the bicinchoninic acid (BCA) assy. To confirm that
this normalization is accurate at high concentrations of ZL0580, we
normalized both the cell viability (determined with propidium iodide
staining and the MTT assay) and the protein level (determined with
BCA assay) of the ZL0580-treated cells to those of the untreated
control. This calculation indicated that the cell viability and
protein levels decreased equally with ZL0580 treatment, proving that
normalizing the luciferase counts for the total protein concentration is
a correct method to take the toxicity of ZL0580 into account
(Table S1).

Furthermore, to address the low selectivity index (SI) of ZL0580
and demonstrate that its effects in the luciferase reporter assays are
HIV specific rather than a result of toxicity, less toxic analogues were
generated. One such analogue, compound 24, was administered to
SupT1 cells following the protocol outlined in Fig. 1b. Compound
24 showed a dose-dependent reduction in both HIV-1 transcription
(IC50 = 5.48 ± 1.59μM) and reactivation (IC50 = 5.66 ± 1.13μM) (Fig. S2a).
Notably, in the MTT assay, the compound did not reach its CC50, even
at the highest tested dose of 100μM (Fig. S2b). In Fig. S2c–d, the LPA
activity is overlaid with toxicity data, clearly showing that compound
24 inhibits HIV-1 transcription and reactivation without significantly
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affecting cell viability. These findings support the notion that the
effects of ZL0580 are not solely attributable to toxicity, as the analo-
gue exhibits significantly reduced toxicity while maintaining similar
LPA activity. However, further investigation into the potential of
compound 24 in the block-and-lock cure strategy is beyond the scope
of this paper.

The effect of ZL0580 on HIV latency was tested additionally in
J-Lat A2 cells, a latently infected Jurkat cell line with a LTR-Tat-GFP
cassette. J-Lat A2 cells were treated with ZL0580 and TNF-α for 24 h
and HIV transcription was monitored by the percentage (%) of GFP+

cells via flow cytometry. Alongside, cell viability was determined using
a fixable viability dye. ZL0580 suppressed HIV-1 reactivation with an
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IC50 of 10.04 ± 0.38μM. Viability was reduced at concentrations
starting from 10 µM, giving a CC50 of 12.14 ± 0.31μM. Despite a small
therapeutic window (SI = 1.21 ± 0.06μM), ZL0580 reduced HIV-1 reac-
tivation at non-toxic levels (2.5-7.5 µM), showing again that its LPA
effect wasn’t solely due to toxicity (Fig. S3a). Gating strategy is pre-
sented in Fig. S3b.

Persistence of the effect of JQ1 but not ZL0580 after compound
removal in SupT1 cells
In the block-and-lock cure strategy, LPAs must induce a durable sup-
pression of HIV-1 gene expression. To verify if these BRD4modulators
may have long-term effects on HIV latency, we performed infection
experiments in which we monitored gene expression after compound
removal. The timeline of the infection experiment is described in the
method section and illustrated in detail in Fig. S4a. First, we tested the
persistent effect of JQ1. In accordance with Fig. 1c, JQ1 promoted HIV-1
transcription and reactivation, peaking at 1μM on day 11 (Fig. S4b). In
non-reactivated cells, this effect persisted dose-dependently after JQ1
removal (Fig. S4b). However, no promotion of TNF-α-induced reacti-
vationwas detected after JQ1 removal (Fig. S4c). Cell viability, assessed
by propidium iodide staining and flow cytometry, showed no toxicity
after addition of JQ1, both on day 11 and 13 post-transduction
(Fig. S4d). Similar experiments with ZL0580 showed a dose-
dependent decrease in HIV-1 basal transcription before its removal,
but the effect did not persist after its removal (Fig. S5a). The inhibitory
effects of ZL0580 on reactivation only persisted after treatment with
10 µM ZL0580 (Fig. S5b), likely due to toxicity (Fig. S5c). Collectively,
these results demonstrate the ability of JQ1 to maintain a stimulatory
effect under non-reactivated conditions after withdrawal from cell
culture, while ZL0580’s inhibition did not persist at non-toxic doses.

JQ1 and ZL0580 have distinct molecular mechanisms of action
We demonstrated that JQ1 and ZL0580, two BRD4-targeting mole-
cules, have opposite effects on HIV-1 transcription (Fig. 1). To explore
their mechanisms, we used 3 approaches. First, we identified which
part of the HIV-1 replication cycle is blocked using bDNA imaging, a
cutting-edge technique which detects vDNA and vRNA simulta-
neously to distinguish pre- or post-integration blocks. Second, we
assessed BRD4 binding to acetylated histones by measuring its co-
localization with the acetylation markers H3K9/14Ac31 and H4K8Ac54

via confocal microscopy. Third, we examined their impact on Tat-
dependent transcription using a HeLa-derived cell line with an 5’LTR-
driven luciferase reporter gene, referred to as HeLa-TZMbl. Cell
culture experiments were performed as described in Fig. 1b. Cells
harvested on day 11 post-transduction were fixed, permeabilized, and
hybridizedwith target-specific Z-probes for vDNA or vRNA detection.
Amplifiers conjugated with fluorophores allowed confocal imaging
(Figs. S6a and S7a). An in-house MATLAB routine was used to cal-
culate vDNA and vRNA levels per single cell. JQ1 treatment had no

impact on the vDNA level in either non-reactivated or reactivated
cells (Fig. S6b and Table S2). Only infected cells, which contain vDNA
and/or vRNA copies, were included in the analysis of transcription.
JQ1 treatment of non-reactivated and reactivated cells increased
vRNA expression, peaking at 1 μM, corroborating its latency reacti-
vating activity (Fig. 2a and Table S2). To correct for differences in
HIV-1 infectivity, vRNA expression levels were normalized for vDNA
levels. For both the non-reactivated and reactivated cells, this ratio
reached an optimum at 1 μM JQ1. At a higher concentration of JQ1
(5μM), the ratio in the non-reactivated cells decreased modestly,
while a more pronounced decrease was seen in the reactivated cells
(Fig. 2b and Table S2).

To statistically evaluate JQ1’s effect on HIV-1 transcription, a
negative binomial model was used as it is capable of fitting over-
dispersed data (Fig. S6c). The outcome variable, vRNA spots per
infected cell, was dependent on the concentration of JQ1 and the
reactivation of the cells. The odds ratio (OR) for the non-reactivated
cells treated with 0.2μM, 1μM, and 5μM JQ1 was 1.28, 4.28, and 3.74,
respectively (p < 0.005 for 1 and 5μM). This indicated an increase of
28%, 328%, and 274% in the vRNA spots for the non-reactivated cells
treatedwith 0.2μM, 1μM, and 5μM JQ1, respectively, compared to the
non-reactivated untreated control (Fig. S6c). TNF-α reactivation
increased the OR by 250% compared to non-reactivated untreated
cells. The highest OR after reactivation was 1.80 for cells treated with
1μM JQ1, although the interaction term was not significant (Fig. S6c).
For ZL0580, low ZL0580 concentrations (1.25μM, 2.5μM) kept the
vDNA levels constant, while higher concentrations (5μM, 7.5μM)
increased the vDNA spots, likely due to toxicity (Fig. S7b; Table S3).
ZL0580 significantly reduced HIV-1 transcription and reactivation, as
indicated by a dose-dependent decrease in vRNA expression (Fig. 2c;
Table S3). ZL0580 also reduced vRNA expression per vDNA copy in
non-reactivated and TNF-α reactivated cells (Fig. 2d; Table S3). The
negative binomial model showed a highly significant (p <0.001) OR of
0.2 for both 5μM and 7.5μM ZL0580, indicating an 80% decrease in
vRNA spots per infected cell compared to the untreated control. The
ORs for reactivated cells treatedwith ZL0580were0.38, 0.41, 0.16, and
0.28 for 1.25μM, 2.5μM, 5μM, and 7.5μM, respectively (Fig. S7c).

To investigate the distinct effects of JQ1 and ZL0580, co-
localization was measured of BRD4 with the acetylation markers
H3K9/14Ac and H4K8Ac, showing a high affinity for BRD431,54. JQ1 is
known to bind to the KAc pocket of BRD4, dissociating it from H3K9/
14Ac, while ZL0580 binds to a non-KAc pocket, enhancing BRD4’s
interaction with acetylated histones51,55. Co-localization was quantified
using Pearson’s correlation coefficient (PCC), where 0 indicates no
correlation and 1 indicates a perfect correlation. The untreated control
showed a PCC of 0.73 ± 0.09 (mean ± SD) of BRD4 with H3K9/14Ac,
which decreased to 0.60 ±0.06 after JQ1 treatment (1μM) but
increased to 0.81 ± 0.06 after ZL0580 treatment (3.4μM) (Fig. 2e). For
H4K8Ac, the PCC was 0.79 ±0.09 in the control, dropping to

Fig. 1 | JQ1 promotes and ZL0580 inhibits HIV-1 transcription and reactivation
in SupT1 cells. a Chemical structure of JQ1, ZL0580 and LEDGIN (CX014442).
b SupT1 cells were transducedwith HIV-1 FLuc virus. After 3 days, residual virus was
washed away. At day 10 post-transduction, a dilution series of JQ1 or ZL0580 was
added to the wells and half of the wells were additionally reactivatedwith 10 ng/mL
TNF-α. 24 h post-reactivation, samples were harvested for the luciferase assay, flow
cytometric analysis and MTT assay. c, e Luciferase counts were normalized for the
total concentration of protein (determined with BCA assay). Luciferase counts are
presented for non-reactivated (light grey) and reactivated (dark grey) cells, for each
concentration of JQ1 (c), or ZL0580 e with the non-transduced cells (HIV-) as a
negative control. Each dot represents one biological duplicate. Mean± SD of bio-
logical duplicates from 1 representative experiment out of 14 for JQ1 (n = 2) and 1
out of 15 for ZL0580 (n = 2) are shown. Statistics were not performed due to a
limited number of data points. d, f Relative luciferase reporter expression (%) was
calculated by dividing the luciferase counts normalized for protein content (BCA

assay) from compound-treated cells by those from the control (0μM ZL0580).
This was calculated separately for non-reactivated (light grey) and reactivated cells
(dark grey) for each concentrationof JQ1 (d) or ZL0580 (f). The IC50, 6.43 ± 0.34μM
and 4.14 ± 0.37μM for non-reactivated and reactivated cells respectively, was cal-
culated by a four-parameter logistic regression of a dose-response curve. Mean±
SD of biological duplicates from 3 representative experiments out of 14 for JQ1
(n = 6) and 3 out of 15 for ZL0580 (n = 6) are shown. Statistical significance was
calculated with a One-Way ANOVA (two-sided test; Dunnett’s multiple comparison
test) between the compound-treated cells compared to the untreated control,
separately for non-reactivated and reactivated cells (ns non-significant; * p <0.05;
** p <0.01;*** p <0.0001; **** p <0.0001). Source data are provided in the source
data file. BCA, bicinchoninic acid; HIV-, non-transduced negative control; IC50, 50%
inhibitory concentration; ns, non-significant; RLU, relative light units; TNF-α, tumor
necrosis factor α.
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0.72 ± 0.14 after addition of JQ1 and rising to 0.88± 0.05 after addition
of ZL0580 (Fig. 2f). These results confirm that JQ1 and ZL0580 have
opposite effects on BRD4 binding to acetylated histones.

Additionally, we investigated the role of the viral protein Tat using
an HeLa-derived cell line containing an integrated luciferase reporter
gene driven by the 5’-LTR solely. After transfecting with the Tat plas-
mid, cells were treated for 24 h with varying concentrations of JQ1 or

ZL0580. Tat transfection increased luciferase expression 133-fold
compared to the negative control. ZL0580 decreased luciferase
activity in a dose-dependentmanner compared to the positive control.
In contrast, 1μM JQ1 enhanced luciferase expression by 1.6-fold rela-
tive to the positive control (Fig. 2g). To rule out the possibility that the
observed phenotype resulted from toxicity, cell viability was assessed
in HeLa-TZMbl cells following transfection and treatment with ZL0580
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and JQ1 using the MTT assay. ZL0580 exhibited clear toxicity only at a
concentration of 15μM (Fig. S8a), whereas JQ1 demonstrated no
detectable toxicity in the cell line tested (Fig. S8b). These findings
underscore the essential role of Tat in the mechanisms of JQ1 and
ZL0580 and illustrate their opposing effects on Tat-dependent tran-
scription. Furthermore, this confirms that the LPA effect of ZL0580 is
HIV-1 transcription specific.

The effect of BRD4 modulators on LEDGIN-retargeted pro-
viruses in SupT1 cells
LEDGINs have been proven to block and retarget HIV integration,
resulting in transcriptionally silent proviruses that are refractory to
reactivation38,40–42. However, single-cell studies indicate that somecells
maintain high levels of viral transcription41,42. Using barcoded viruses,
we proved that these high vRNA expressing cells are integrated close
to enhancers41.We hypothesized that combining enhancer antagonists
with LEDGINs would completely silence HIV-1 gene expression. Given
BRD4’s role in enhancer biology44,45, we hypothesized that BRD4
modulators could block the residual transcriptional activity of LEDGIN-
retargeted proviruses. Thus, we combined JQ1 and ZL0580 with LED-
GINs in cell line models. First, the effect of LEDGIN CX014442 (Fig. 1a)
on HIV-1 infectivity was assessed. We have already confirmed this in
previous publications38,40–42, but here the aim was 3-fold: 1) determine
the IC50 of our CX014442 stock; 2) confirm that CX014442 blocks
integration and reduces HIV-1 transcription; and 3) verify that high
concentrations of CX014442 still allow for persistent high vRNA
expression in some cells. SupT1 cells were treated with CX014442
during transduction with the HIV-1 FLuc virus. Three days later, the
inhibitoryeffectofCX014442onHIV-1 infectivitywasassessedwith the
luciferase assay, determining an IC50 of 4.05 ± 0.44μM (Fig. 3a). Con-
centrations ranging from 2.35μM to 18.83μM, equivalent to 0.58-4.65
x IC50, were used to determine the effect of CX014442 onHIV-1 latency
and reactivation. As LEDGINs target viral integration, CX014442 was
added to the SupT1 cells during transduction according to the proto-
col described in Fig. 3b butwithout the addition of JQ1/ ZL0580 on day
10. Propidium iodide staining on day 3 indicated that CX014442 did
not affect cell viability (Fig. 3c). The luciferase assay on day 11 post-
transductionproved that LEDGINsdose-dependentlyblock LTR-driven
luciferase reporter expression in the non-reactivated and TNF-α-
reactivated cells (Fig. 3d). Next, bDNA imaging was conducted.
Quantitative analysis of the vDNA spots showed that the addition of
CX014442 significantly decreased the vDNA levels (Fig. 3e; Table 1).
Evaluation of the vRNA levels proved that treatment with CX014442
dose-dependentlyhamperedHIV-1 basal transcription and reactivation
(Fig. 3f; Table 1). A significant OR of 0.2 (p < 0.001) was calculated at
18.83μM CX014442 with the negative binomial probability distribu-
tion, indicating an 80% reduction in vRNA levels compared to the

untreated control. The OR of the reactivated cells treated with
18.83μM CX014442 was equal to 0.12 (Fig. S9). Despite significant
reductions in basal transcription and reactivation, single-cell analysis
revealed that 3 cells with high vRNAexpressionpersisted at thehighest
CX014442 concentration (18.83μM) (Fig. 3f), likely due to residual
integration near enhancer sites regulated by BRD4. Future experi-
ments aim to completely silence viral expression by combining BRD4
modulators with LEDGINs.

Next, we investigated the effect of JQ1 and ZL0580 on CX014442-
retargeted proviruses using single-round infections as described in
Fig. 3b. To investigate the impact of JQ1 on LEDGF/p75-targeted vs.
LEDGIN-retargeted proviruses, the luciferase counts on day 11 post-
transduction were normalized to the control condition (0 μM JQ1) for
each concentration of CX014442. At the optimal JQ1 concentration of
1μM, there was a significant increase to ± 400% in luciferase reporter
expression compared to the control (0μM JQ1), which was indepen-
dent of CX014442 pretreatment (Fig. 4a). The Combenefit model
creates a 3D model of the luciferase counts normalized to the
untreated control (0μM CX014442 and JQ1)56. In addition, synergy
scores were calculated by comparing the Bliss-model-generated dose-
response surface, for which an additive effect is expected, with the
experimental dose-response surface. Scores below -10 indicate
antagonism (shown in red), scores between -10 and 10 indicate addi-
tivity (green), and scores above 10 indicate synergy (blue). As antici-
pated, antagonistic drug-drug interactions were observed at low
CX014442 concentrations (2.35-4.7μM CX014442) and high JQ1 con-
centrations (1-5 μM JQ1) (Fig. 4b). Notably, after using high CX014442
concentrations (9.42-18.83μM CX014442), which significantly retar-
gets the provirus to transcriptionally silent chromatin, JQ1 and
CX014442 exhibited less antagonism (Fig. 4b). Upon TNF-α-mediated
reactivation, JQ1 enhanced viral transcription in cells treated with
varying CX014442 concentrations ( ± 200% at 1μM JQ1) (Fig. 4c).
Combenefit analysis also showed that JQ1 acted antagonistically at low
concentrations of CX014442 and that a switch occurred to more
additive scores at higher concentrations of CX014442 (Fig. 4d). In
conclusion, the LPA CX014442 and the LRA JQ1 act as antagonists.
However, at high LEDGIN concentrations, the LPA activity of JQ1 sur-
passes its LRA activity, probably reflecting the altered chromatin
environment of the retargeted provirus.

In addition, we tested the combination of the LPAs ZL0580 and
CX014442. CX014442 was combined with ZL0580, according to the
protocol described in Fig. 3b. In the luciferase assay, ZL0580 sig-
nificantly reduced HIV-1 transcription with and without CX014442-
treatment ( ± 80% inhibition at 10μMZL0580) (Fig. 5a). The 3Dmodel
shows an almost complete absence of luminescence after combination
treatment with high concentrations of ZL0580 (10μM) and CX014442
(18.83μM). Moreover, synergy calculations using the Combenefit

Fig. 2 | JQ1 and ZL0580 have distinctmolecularmechanisms of action. a–dCells
were treated with JQ1 (a,b) or ZL0580 (c, d) following Fig. 1b and harvested for
bDNA imaging on day 11. a, c The number of vRNA spots per infected cell were
plotted. Each dot represents a single cell, with a dark blue bar indicating the
median. b, d vRNA expression was normalized to vDNA expression. Table S5 shows
the number of cells imaged. a, b For JQ1, 86 cells were imaged in each condition
(n = 86). c, d For ZL0580, 100 cellswere imaged in each condition except forHIV- in
which 61 cells were imaged (n = 100). Results from 1 representative experiment out
of 4 for JQ1 and 1 out of 2 for ZL0580 are shown. A Kruskal-Wallis test (two-sided
test; Dunnett’s multiple comparison test) compared compound-treated cells to the
untreated control, separately for non-reactivated and reactivated cells (ns non-
significant; *p <0.05; **p <0.01; ***p <0.0001; ****p <0.0001).e, fSupT1 cellswere
treated for 24h with JQ1/ZL0580. Cells were incubated with primary anti-BRD4,
anti-H3K9/14Ac (e) and anti-H4K8Ac (f) antibodies. The line in the box represents
the median. The top and bottom lines of the box are the first and third quartiles.
The top and bottom winkers are the minimum and maximum PCC value. Each dot
represents a single cell. 20 cells were imaged for (e) (n = 20) and 50 cells for (f)

(n = 50). Results from 1 representative experiment out of 1 for (e) and 1 out of 2 for
(f) are shown. A Kruskal-Wallis test (two-sided test; Dunnett’s multiple comparison
test) (e) and One-Way ANOVA test (two-sided test; Dunnett’s multiple comparison
test) (f) compared the PCC value of the compound-treated cells to the control (ns
non-significant; * p <0.05; ** p <0.01; *** p <0.0001; **** p <0.0001). g HeLa-based
TZMbl cells were transfected with a Tat plasmid and treated for 24h with JQ1/
ZL0580 or DMSO. NC represents the negative control not transfected with Tat
plasmid and PC the positive control transfected with Tat plasmid but treated with
DMSO. Luciferase counts, normalized for the total concentration of protein (BCA
assay), were plotted. Each dot represents one biological duplicate. Mean± SD of
biological duplicates from 1 representative experiment out of 3 are shown (n = 2).
Statistics were not performed due to a limited number of data points. Source data
are provided in the source data file. BCA bicinchoninic acid protein assay, BRD4
bromodomain containing protein 4, HIV- non-transduced negative control, NC
negative control, ns non-significant, PC positive control, PCC Pearson Correlation
Coefficient, RLU relative light units, Tat trans-activator of transcription, TNF-α
tumor necrosis factor α, vDNA viral DNA, vRNA viral RNA.
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Fig. 3 | LEDGIN CX014442 inhibits HIV-1 integration and hampers HIV-1 tran-
scription and reactivation in SupT1cells. aSupT1 cellswere transducedwithHIV-
1 FLuc virus and treated with CX014442 for 3 days. The IC50, 4.05 ± 0.44μM, was
determined using a four-parameter logistic regression of a dose-response curve of
the relative luciferase reporter expression (%). Mean ± SD of biological duplicates
of 1 independent experiments out of 2 are presented (n = 2). b SupT1 cells were
transduced with HIV-1 FLuc virus and treated with CX014442. On day 3, cells were
washed and assessed for toxicity. On day 10, cells were reactivated with TNF-α
(10 ng/mL) and treated with JQ1/ZL0580. After 24 h, luciferase assays and bDNA
imaging were performed. c Cell viability was analyzed via propidium iodide
staining on day 3, normalized tonon-infecteduntreated controls, and compared to
HIV- (NC) via a One-Way ANOVA test (two-sided test; Dunnett’s multiple compar-
ison test; ns, non-significant). Each dot represents one biological duplicate.
Mean ± SD of 2 biological duplicates of 2 independent experiments out of 2 are
presented (n = 4). d Luciferase counts (normalized to protein content; BCA assay)
are presented for cells harvested on day 11. Each dot represents one biological
duplicate. Mean± SD of 2 biological duplicates of 1 independent experiments out

of 2 are presented (n = 2). Statistics were not performed due to a limited number of
data points. e, f The vDNA spots per cell (e) and the vRNA spots per infected cell
(f) were determined with bDNA imaging. vDNA spots of non-reactivated and
reactivated cells and cells treatedwith different concentrations of JQ1were pooled
if treated with the same concentration of CX014442. VRNA spots were not pooled.
Each dot represents a single cell, with a dark blue bar indicating the median.
Table S5 shows thenumberof cells imagedper condition. For vDNAdetection, 900
cells were imaged in each condition (n = 900). For vRNA detection, 100 cells were
imaged for each condition (n = 100). Except forHIV-, 37 cellswere imaged for vDNA
and vRNA detection. Results from 1 representative experiment out of 2 are shown.
A Kruskal-Wallis test (two-sided test; Dunnett’s multiple comparison test) com-
pared the vDNA/ vRNA spots of the CX014442-treated cells to those of the control
(ns non-significant; * p <0.05; ** p <0.01; *** p <0.0001; **** p <0.0001). Source
data are provided in the source data file. HIV-, non-transduced negative control;
IC50, 50% inhibitory concentration; NC, negative control; ns, non-significant; TNF-
α, tumor necrosis factor α; vDNA, viral DNA; vRNA, viral RNA.
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software56 indicate that CX014442 and ZL0580 work additively in
silencing HIV-1 gene expression in non-reactivated cells (Fig. 5b). After
reactivation with TNF-α, ZL0580 dose-dependently blocked HIV-1
reactivation in cells with andwithout treatmentwith CX014442 ( ± 90%
inhibition at 10μM ZL0580) (Fig. 5c). Synergy calculations revealed
here as well additive effects of ZL0580 and CX014442 and almost a
complete block of HIV-1 reactivation after administration of a high
concentration of both compounds (Fig. 5d).

Persistence of BRD4 modulators after CX014442 treatment in
SupT1 cells
Next, we verified the persistence of the both JQ1 and ZL0580 on
CX014442-retargeted SupT1 cells according to the protocol described
in the methods section and presented in Fig. S10a. First, we tested the
persistent effect of JQ1 on CX014442-retargeted proviruses in non-
reactivated cells. In line with the results of Fig. S4b, JQ1 dose-
dependently promoted basal transcription 48 h after its drug removal,
independent of CX014442 treatment (Fig. S10b). However, in the
presence of TNF-α, no promotion persisted after JQ1 removal, both
with andwithout CX014442-treatment (Fig. S10c). Similar experiments
were performed in the presence of ZL0580. Although ZL0580 dose-
dependently decreased basal transcription and reactivation of
CX014442-retargeted proviruses on day 11 post-transduction, this
effect did not persist, both in non-reactivated and reactivated cells
(Fig. S10d, e). Altogether, these results show that the stimulatory effect
of JQ1 on LEDGF/p75-dependent and CX014442-retargeted proviruses
is preserved for 48 h after withdrawal fromcell culture.With respect to
ZL0580, the inhibitory effects did not persist, nor in LEDGF/p75-
dependent provirus nor in CX014442-retargeted provirus.

ZL0580 inhibits HIV-1 transcription in primary cells
Next, the impact of ZL0580 on HIV-1 transcription was investigated in
more clinically relevant cells, namely human PBMCs. PBMCs were
extracted from buffy coats of 4 healthy donors. PBMCs were stimu-
lated with 10μg/mL phytohemagglutinin (PHA) to enhance infection
susceptibility. 3 days after infection, residual virus was washed away.
ZL0580 was added on day 7 and samples were harvested 24 h after
treatment for the luciferase assay. To assess whether ZL0580 silenced
HIV-1 transcription after its removal, the compound was washed away

on day 8 and the cells were cultured for 3 days while following up the
luciferase reporter expression (Fig. 6a). On day 8, ZL0580 dose-
dependently reduced LTR-driven luciferase activity in donor 1
(IC50 = 10.28 ± 0.47μM) (Fig. 6b; Table S4). In subsequent donors, we
assessed the persistence of the inhibitory effect of ZL0580 by har-
vesting samples after ZL0580 removal (days 9-11). In donor 2, ZL0580
dose-dependently reduced HIV-1 transcription on day 8 post-
transduction (IC50 = 10.68 ± 1.51μM). The effect persisted modestly
24 h after compound removal (day 9) but gradually diminished over
time the next days (days 10 and 11) (Fig. 6c). Donor 3 significantly
maintained inhibition of HIV-1 transcription for 24 h after compound
removal (day 9), but the effect was lost as well by day 10 (Fig. 6d).
Propidium iodide staining indicated that ZL0580 only markedly
reduced cell viability at 15μM (Fig. 6e). Donor 4 also maintained inhi-
bition for 24 h after treatment interruption, with only modest cell
viability loss at 15μM (Fig. 6f, g). Table S4 shows the IC50 calculated for
each donor on day 8 post-transduction, resulting in an average IC50 of
11.09 ± 1.55μM. For donors 3 and 4, the CC50 was not reached in the
concentrations tested. To calculate the exact CC50 with flow cyto-
metry, PBMCs of donor 3, 4, and 5 were incubated with ZL0580 for
24 h. Across these donors an average CC50 of 20.68 ± 3.34μM was
calculated (Fig. S11a). In addition, the more sensitive MTT assay was
used to determine toxicity of ZL0580 in PBMCs. PBMCs were treated
with ZL0580 according to Fig. 6a and on day 8 post-transduction the
MTT assay was performed. Across donor 1, 4, and 8 an average CC50 of
13.50± 0.94μM was calculated (Fig. S11b). Table S4 summarizes the
IC50 and CC50, with both flow cytometry and the MTT assay, across all
donors. An average SI was determined of 1.89 ± 0.42 after using flow
cytometry and 1.22 ± 0.19 after using the MTT assay (Table S4).
Although, in PBMCs, ZL0580 exhibited slightly lower toxicity com-
pared to SupT1 and J-LatA2 cells, the compound’s active concentration
range remains close to its toxic threshold. To further evaluate this, we
overlaid the LPA activity data (measured via the luciferase reporter
assay) with toxicity data (measured using propidium iodide staining
and/or the MTT assay). In donors 3 and 4, this analysis confirmed that
the effect of ZL0580 is HIV-specific, as particularly at concentrations
below 10μM, the reduction in luciferase reporter expression
(LPA activity) was more pronounced than the decline in cell viability
(Figs. S11c, d). Furthermore, flow cytometry and MTT assays indicated
no significant toxicity at concentrations below 6.25μM (flow cyto-
metry; Fig. S11a) and 10μM(MTTassay; Fig. S11b). Importantly, at these
non-toxic concentrations, HIV-1 transcription inhibition was already
observed, further supporting the conclusion that the effect of ZL0580
is specific to HIV-1 transcription. Altogether, these results collectively
suggest that ZL0580 silences HIV-1 transcription in primary cells, but
that the effect is only maintained for a short period of time after
compound removal.

The effect of ZL0580 in primary cells after multiple treatments
Next, we investigated whether multiple treatments could extend the
duration of the persistent effect. First, cells were treated with ZL0580
for 24 h twice, according to the protocol outlined in Fig. 7a. Briefly,
cells were infected with HIV-1 FLuc virus and treated with ZL0580 2
times for 24h between days 5 and 8 post-transduction. Persistence of
the LPA activity was evaluated 1 to 3 days after ZL0580 removal. In
donor 3 and 7, LTR-driven luciferase reporter expression was reduced
dose-dependently on day 8 (Fig. 7a). While the magnitude of the
inhibitory effect after two ZL0580 treatmentswas not exceeding those
after a single treatment (Fig. 6), the persistence of the LPA activity was
markedly longer. In Fig. 6d, the LPA activity of ZL0580 completely
disappeared starting from day 10. However, after double treatment
with ZL0580, HIV-1 transcription modestly remained suppressed
3 days after treatment-interruption (Fig. 7a). To assess toxicity after
double treatment, cell viability was evaluated on day 8 post-
transduction using propidium iodide staining and flow cytometry.

Table 1 | Viral DNA and RNA levels after CX014442 treatment

Concentration
CX014442
(μM)

vDNA detec-
tion (n = 900)

vRNA detection (n = 100)

Pooled Non-
Reactivated

Reactivated

Total
vDNA
spots

%
infected

Total
vRNA
spots

%
vRNA+

cells

Total
vRNA
spots

%
vRNA+

cells

0 (control) 606 29.11 139 34.00 1039 57.00

2.35 475 25.11 254 29.00 1038 34.00

4.70 462 28.33 57 19.00 836 33.00

9.42 229 16.22 38 5.00 135 33.00

18.83 293 19.00 28 18.00 131 6.00

HIV- (NC) 3 8.11

Cells were transduced with HIV-1 FLuc virus and treated with CX014442/JQ1 according to the
timelinepresented in Fig. 3b. The left part of the table shows the total number of vDNAspots and
the%of infectedcells. For viral DNAdetection, cells treatedwith different concentrations of JQ1,
and non-reactivated and reactivated cells were pooled, if they were treated with the same
concentration of CX014442. The right part shows the total number of vRNA spots and the
percentage of cells that contain vRNA spots per condition. No conditions were pooled for the
calculation of the vRNA levels. Table S5 shows the number of cells imaged per condition. For
vDNA detection, 900 cells were imaged in each condition (n = 900). For vRNA detection, 100
cells were imaged for each condition (n = 100). Except for HIV-, 37 cells were imaged for vDNA
and vRNA detection. Results from 1 representative experiment out of 2 are shown. Source data
are provided in the source data file. NC, negative control; vDNA, viral DNA; vRNA, viral RNA.
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Multiple treatments did not increase ZL0580’s toxicity in primary cells
compared to single treatment (Fig. 7c). However, a major limitation of
this experiment is that toxicity was only measured on day 8 post-
transduction, leaving uncertainty about potential effects on cell via-
bility at days 9 to 11 post-transduction.Moreover, toxicitywas assessed
with propidium iodide instead of the more sensitive MTT assay. The
modest inhibition of HIV-1 transcription observed in donor 3 at

2.5–5μM ZL0580 may correspond to the modest reduction in cell
viability detected at day 8. At 10 and 15μM, the inhibition of HIV-1
transcription was more pronounced (Fig. 7a) compared to the reduc-
tion in cell viability (Fig. 7c) in this experiment. However, given the
substantial cytotoxicity observed at 15μM in Fig. 6e and because
propidium iodide staining was used instead of the MTT assay, it
remains uncertain whether the persistent transcriptional inhibition is
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solely due to LPA activity or if cytotoxic effects also contribute at this
concentration. In donor 7, overall less toxicity of ZL0580was observed
at day 8, indicating that the reduction in luciferase expression is not
solely attributable to cytotoxicity (Fig. 7c).

Next, cells were treated 3 times with ZL0580 for 24 h between
days 3 and 8 post-transduction (Fig. 7b). The magnitude of the effect
again remained comparable to that observed after one or two treat-
ments (Fig. 7b).Donor 3 exhibitedpersistence for oneday (until day9),
while donor 7 showed persistence for two days (until day 10) (Fig. 7b).
An unexpected increase in luciferase expression was observed in
donor 3 on days 10 and 11 post-transduction, but this effect displayed
high variability. It remains unclear whether this increase is due to a
technical artifact or caused by cytotoxicity. Since cell viability was only
assessed on day 8 post-transduction using propidium iodide staining,
potential viability effects at later time points cannot be ruled
out (Fig. 7c).

In conclusion, multiple treatments extend the duration of
ZL0580’s LPA activity, with two treatments yielding more favorable
results than three. The reason for this trend remains unclear and
requires further investigation. While ZL0580 shows promise for sus-
tained HIV-1 transcriptional inhibition after multiple treatments in
donor 7, its effects at higher concentrations may be influenced by
cytotoxicity in donor 3. Further studies are needed to differentiate
between specific transcriptional suppression and potential cell viabi-
lity effects after multiple treatments, as toxicity may vary between
donors. In the future such repeated treatments could be done using
the more specific compound 24.

LEDGIN CX014442 and ZL0580 additively inhibit HIV-1 tran-
scription in primary cells
Next, we tested the combination of the LPAs ZL0580 and CX014442 in
primary cells. First, the IC50 of a new batch of CX014442 was deter-
mined in PBMCs from donor 5 at 20.87 ± 2.54μM (Fig. 8a). Con-
centrations ranging from 10.44-41.74μM (0.5-2 x IC50) were used.
Toxicity assessment showed that CX014442 did not affect the cell
viability in PBMCs at the concentrations used (Fig. 8b). Next, the
LEDGIN CX014442 was combined with ZL0580, according to the
protocol described in Fig. 8c. Results from one donor (donor 3) are
shown in Fig. 8d, e and results from 3 other donors (donor 2, donor 4,
and donor 6) are shown in Fig. S12. The luciferase counts of the
ZL0580-treated wells were normalized to the control condition with-
out ZL0580-treatment for each concentration of CX014442 to com-
pare the effect of ZL0580 on LEDGF/p75-targeted vs. LEDGIN-
retargeted provirus. In donor 3, a ± 75% decrease in luciferase repor-
ter expression was observed at the highest concentration of ZL0580
(15μM) compared to the control conditionwithout ZL0580-treatment,
independent of CX014442 treatment (Fig. 8d). Next, the Combenefit
softwarewas used tomodel the luciferase activity in a 3D graph and to
calculate the synergy scores based on the bliss model56. This analysis
revealed that a combined treatment of ZL0580 andCX014442 reduced
HIV-1 transcription evenmorepotently compared to a single treatment
with one of the two LPAs (Fig. 8e). In accordance, synergy calculations
indicated thatCX014442 andZL0580work additively in silencingHIV-1

transcription (Fig. 8e). In donor 4, ZL0580 reduced HIV-1 transcription
significantly ( ± 60%), also independent of CX014442-treatment. In
line, additive synergy scores were calculated (Fig. S12a). In donor 2 and
6, ZL0580 reducedbasalHIV-1 transcription independent of CX014442
treatment, although to a lesser extent compared to other donors tes-
ted. After treatment with 41.74μM CX014442, data were skewed and
ZL0580 did not dose-dependently decrease HIV-1 transcription (Fig.
S12b; S12c). Overall, while there was some donor-dependent variation,
combined treatment with CX014442 and ZL0580 additively blocked
HIV-1 transcription, achieving near-complete silencing at high con-
centrations of both.

Finally, we studied the persistence of the combined treatment of
LEDGIN and ZL0580 in primary cells. Experiments have
been performed as described in themethods section and as illustrated
in Fig. S13a. The experiment was conducted with 2 donors. Both in
donor 3 and 4 on day 8 post-transduction, ZL0580 reduced basal HIV-1
transcription to the same extent, independent of CX014442 treatment
(Fig. S13b, S13c). Without CX014442 treatment or after addition of low
concentrations of CX014442 (10.44μM), the inhibitory effect of
ZL0580 on basal transcription persisted for one day after compound
removal (until day 9). Interestingly, at higher concentrations of
CX014442 (20.87-41.74μM), ZL0580’s effect persisted for 2 days after
compound removal (until day 10). Unfortunately, the effect was lost
3 days after compound removal (day 11) (Fig. S13b, S13c). To conclude,
these results indicate that the inhibitory effect of ZL0580 on HIV-1
transcription persists slightly longer on LEDGIN-retargeted proviruses
compared to LEDGF/p75-dependent provirus in primary cells.

Discussion
HIV-1 remains incurable due to the persistence of a latent reservoir.
The “block-and-lock” strategy aims to silence this reservoir by using
LPAs to block HIV-1 transcription and lock the provirus in a deep
latent state. BRD4, which negatively regulates HIV transcription, can
be modulated by small molecules like JQ1 to enhance
transcription46–50,52,57,58, while ZL0580 paradoxically silences HIV
expression in various cell types51,53. This study compares JQ1 and
ZL0580 to explore BRD4’s role in HIV-1 transcription. Our luciferase
assay corroborates that JQ1 promotes HIV-1 transcription with an
optimum at 1 μM (Fig. 1c, d). Most studies reported a dose-
dependent effect of JQ1, while Bartholomeeusen et al. also
observed a maximum stimulation of HIV-1 transcription at 5 μM of
JQ147. This optimal concentration may mean that JQ1 reaches a
maximum effect around this concentration. However, the slight
decrease in relative luciferase reporter expression from 1-5 μM may
also point towards a more complex role of BRD4 in HIV-1 transcrip-
tion. Initial research claimed that BRD4 activates HIV-1 transcription
by recruiting P-TEFb to RNA polymerase II (Fig. 9a; model 2)59–63.
However, subsequent studies highlighted BRD4’s role as a repressor
of HIV-1 transcription by competing with Tat for P-TEFb binding
(Fig. 9a; model 1)46–48,50. Others observed that the BRD4 short iso-
form (BRD4S) recruits the BAF chromatin remodeling complex to the
HIV promotor, further blocking HIV-1 transcription independently of
Tat (Fig. 9a; model 3)64. Additionally, BRD4 may enhance

Fig. 4 | JQ1 shows less antagonism after LEDGIN CX014442 treatment. a, c The
luciferase counts, obtained by the luciferase assay on day 11 following Fig. 3b were
normalized for the total concentrationof protein (determinedwithBCA assay). The
relative luciferase reporter expression (%) was calculated by dividing the luciferase
counts normalized for protein content (BCA assay) from the JQ1-treated cells by
those from the control (0μM JQ1). This was calculated separately for each con-
centration of CX014442 and for non-reactivated (light grey) (a) and reactivated
cells (dark grey) (c). Mean± SD of 2 representative experiments out of 5 are shown
(n = 2). b, dUsing the Combenefit software, experimental 3D dose-response curves
of the drug combination of CX014442 and JQ1 were generated, expressed as a
percentage of the positive control (0μMCX014442 and JQ1). The curve is covered

with a color code according to synergy/antagonismscores, calculatedwith the Bliss
Synergy model. A red color indicates antagonism, a green color additivity and a
blue color synergism. The matrix shows the value of the synergy/antagonism
scores. A synergy score below -10 indicates antagonism, a synergy scores between
-10 and 10 indicates additivity and a synergy score higher than 10 indicates synergy.
This is shown for both the non-reactivated (b) and the TNF-α reactivated cells (d).
The average results from 2 biological duplicates of 1 representative experiment out
of 5 are shown (n = 2). Figures are created with Combenefit56. Statistics were not
performed due to limited number of datapoints. Source data are provided in the
source data file. BCA, bicinchoninic acid; ns, non-significant; TNF-α, tumor necrosis
factor α; 3D, 3-dimensional.
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transcription via enhancer-mediated mechanisms (Fig. 9a; model
4)45,65. The bimodal effect of JQ1 on HIV-1 transcription may be the
result of an interplay between these mechanisms. At low con-
centrations of JQ1 ( < 1 μM), JQ1 could reactivate HIV-1 transcription
with model 1 and 3 (Fig. 9a). At higher concentrations ( > 1 μM), JQ1
could block HIV-1 transcription through model 2 and 4 (Fig. 9a). In
addition, our result indicate that the effect of JQ1 on basal

transcription is more pronounced than the effect on TNF-αmediated
reactivation (Fig. 1c, d). Literature indeed shows that JQ1 suppresses
TNF-αmediated NF-kB transcription66–68. A second hypothesis is that
10 ng/mL TNF-α reaches a maximum level of stimulation, which
could not be further enhanced by JQ1. To test this hypothesis, lower
concentrations of TNF-α could be administered together with JQ1.
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The mechanisms whereby JQ1 affects HIV-1 transcription have
been extensively investigated. Paradoxically, ZL0580 has only been
investigated by one group, which discovered its LPA activity
(IC50 = ~ 8 µM in J-Lat cells; ~ 2.5 µM in CD4+ T cells)51–53. We con-
firmed that ZL0580 dose-dependently reduces HIV-1 transcription, in
SupT1 cells (Fig. 1e, f), J-Lat A2 cells (Fig. S3a) and PBMCs (Fig. 6).
Table S4 summarizes ZL0580’s activity and toxicity across different
cell lines. A major concern remains the high toxicity as,ociated with
ZL0580. A relatively low SI of 1.77 ± 0.13 (non-reactivated) and
2.63 ± 0.26 (reactivated) was calculated in SupT1 cells using propi-
dium iodide staining to determine the CC50. With the MTT assay, the
SI was calculated at 1.10 ± 0.08 (non-reactivated) and 2.06 ± 0.21
(reactivated). Due to the low SI in non-reactivated cells, we cannot
fully exclude the possibility that the LPA activity of ZL0580 is par-
tially influenced by its cytotoxicity. However, several lines of evi-
dence suggest that the observed reduction in HIV reactivation is not
solely attributable to toxicity. First, the decrease in luciferase
expression is more pronounced than the reduction in cell viability
(Fig. 1f and S1b–f). Second, even at lower concentrations where
cytotoxicity is minimal, a substantial decrease in HIV transcription
levels is still observed (Fig. 1f and S1b–f). Third, the ZL0580 analogue,
compound 24, exhibits no detectable cytotoxicity while maintaining
LPA activity (Fig. S2). Fourth, ZL0580 blocked Tat-dependent tran-
scription in HeLa-TZMbl cells without its associated toxicity (Fig. 2g).
Nonetheless, a limitation of our study is that cytotoxicity was not
consistently assessed using the MTT assay; in some instances, we
relied on propidium iodide staining only, which detects only late-
stage cell death based on membrane integrity and does not capture
early cytotoxic effects or cellular stress responses. In PBMCs, a more
clinically relevant model, ZL0580 exhibits slightly lower toxicity but
also reduced LPA activity compared to SupT1 cells, with variability
between donors (Fig. 6 and S11). On average, the selectivity index (SI)
was calculated as 1.89 ± 0.42 when toxicity was assessed using pro-
pidium iodide and 1.22 ± 0.19 when theCC50was determinedwith the
MTT assay (Table S4). The reduced toxicity in PBMCs compared to
cancer cell line models may relate to BRD4’s critical role in cancer
biology66–68. Still the SI of ZL0580 is relatively low. Notably, ZL0580
effectively suppressed HIV-1 transcription at non-toxic concentra-
tions, at or below 10 μM (MTT; Fig. S11b) or 6.25 μM (flow cytometry;
Fig. S11a), indicating that its LPA effect is specific toHIV transcription.
To further evaluate this, we superimposed the LPA activity data
(measured via the luciferase reporter assay) with toxicity data
(measured using propidium iodide staining and/or the MTT assay).
This overlay demonstrated as well that the reduction in luciferase
reporter expression was significantly more pronounced than the
reduction in cell viability, particularly at concentrations below 10 μM
(Fig. S11c, d). These findings reinforce the HIV-specific activity of
ZL0580, while also highlighting the need for further optimization to
reduce toxicity and enhance its therapeutic window. Preliminary
studies on the ZL0580 analogue, compound 24, suggest that it is
possible to maintain the LPA activity of ZL0580 while reducing
cytotoxicity (Fig. S2). However, further investigation is required to
fully evaluate the potential of compound 24 within the block-and-

lock cure strategy and to develop more promising ZL0580
analogues.

Next, mechanistic differences in BRD4 modulation by JQ1 and
ZL0580 were investigated. Binding assays and docking analyses by the
Hu group showed that unlike the pan-inhibitor JQ1, ZL0580 selectively
binds to BRD4 over other members of the BET family51–53. In addition,
ZL0580 shows higher affinity for bromodomain (BD) 1 compared to
BD251–53. While JQ1 binds to the KAc binding pocket of BET proteins55,
ZL0580 is thought to bind a distinct non-KAc site51–53. Co-IPs and ChIP-
seqs corroborated that JQ1 and ZL0580 induced opposite protein-
protein and protein-chromatin interactions during Tat-dependent
transcription51–53. To further explore their mechanisms, we applied
bDNA imaging, which visualizes HIV-1 proviral DNA and RNA transcripts
simultaneously at single-cell level. These experiments confirmed that
both JQ1andZL0580workon the transcriptional level (Fig. 2a–d; S6; S7),
more specifically Tat-dependent transcription (Fig. 2g). Future studies
should explore if these compounds interfere in other steps of HIV-1
transcription (initiation, elongation, termination), as explored by the
Yukl lab69. Additionally, we assessed BRD4 co-localization with acety-
lated histones in the presence of both compounds and found that JQ1
decreases and ZL0580 increases BRD4 binding to acetylated histones
(Fig. 2e, f). This suggest aswell thatZL0580binds toanon-lysinebinding
pocket of BRD4, as BRD4 is not displaced from the acetylated histone.
However, to define the exact molecular interaction patterns of ZL0580
and BRD4, co-crystal structures are warranted.

A perfect LPA should epigenetically silence the HIV promotor, as
HIV-1 gene expression needs to be suppressed when therapy is absent.
Therefore, we determined whether the effect of JQ1/ZL0580 persisted
after compound removal. The effect of JQ1 on basal transcription
persisted in SupT1 cells (Fig. S4b), possibly due to the induction of a
permissive chromatin structure by alterations in the recruitment of
chromatin remodeling complexes51,64. The effect of JQ1 on TNF-α
reactivated cells did not persist (Fig. S4c). This may arise from direct
interactions of JQ1 or TNF-α counteracting JQ1’s epigenetic effects70,71.
Alternatively, TNF-α reached a maximum stimulation at 10 ng/mL that
cannot be further enhanced by JQ1. In SupT1 cells, the LPA effect of
ZL0580 did not persist after compound removal (Fig. S5). In PBMCs,
the LPA activity of ZL0580 was maintained for only one day post-
removal, without affecting cell viability (Fig. 6). Interestingly, multiple
treatments significantly extended the duration of the persistent effect
up to 3days (Fig. 7).However, further studies are required to assess the
potential contribution of ZL0580-induced cytotoxicity to this effect.
Persistence of ZL0580’s effect may depend on (i) the fraction of BRD4
occupied by ZL0580, which could be increased after multiple treat-
ments; (ii) selective killing of infected cells by ZL0580; (iii) epigenetic
reprogramming of the HIV promotor by ZL0580. Multiple treatments
may result in a cumulative andmore stable alteration of the chromatin
structure, extending the duration of the effect. Evidence from the Hu
group previously suggested that ZL0580 reprograms the HIV pro-
motor epigenetically. First, ZL0580 was able to silence HIV-1 gene
expression in resting PBMCs, harboring low levels of Tat51. Second,
single dosing with ZL0580 rendered J-Lat cells resistant to reactivation
for 14 days and microglial cells for 21 days51–53. Third, MNAse

Fig. 5 | ZL0580 shows additive effects with LEDGINCX014442 in inhibitingHIV-
1 transcription and reactivation. a, c The luciferase counts, obtained by the
luciferase assay on day 11 following Fig. 3b, were normalized for the total con-
centration of protein (determined with BCA assay). The relative luciferase reporter
expression (%) was calculated by dividing the luciferase counts normalized for
protein content (BCA assay) from the ZL0580-treated cells by those from the
control (0 μM ZL0580). This was calculated separately for each concentration of
CX014442 and for non-reactivated (light grey) (a) and reactivated cells (dark grey)
(b). Mean ± SDof 2 biological duplicates of 1 representative experiment out of 7 are
shown (n = 2). b, dUsing the Combenefit software, experimental 3D dose-response
curves of the drug combination of CX014442 and ZL0580 were generated,

expressed as a percentage of the control (0μMCX014442 and ZL0580). The curve
is covered with a color code according to synergy/antagonism scores, calculated
with the Bliss Synergy model. The matrix shows the value of the synergy/antag-
onism scores. A synergy score below -10 indicates antagonism, a synergy scores
between -10 and 10 indicates additivity and a synergy score higher than 10 indicates
synergy. This is shown for both the non-reactivated (b) and the TNF-α reactivated
cells (d). The average results from 2 biological duplicates of 1 representative
experiment out of 7 are shown (n = 2). Statistics were not performed due to limited
number of datapoints. Figures are created with Combenefit56. Source data are
provided in the source data file. BCA, bicinchoninic acid; ns, non-significant; TNF-α,
tumor necrosis factor α; 3D, 3-dimensional.
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nucleosomal mapping indicated that ZL0580 (10μM) induces a
repressive chromatin structure at the HIV LTR51. All these observations
point towards ZL0580-induced epigenetic reprogramming of the LTR.
However, this reprogramming may be cell-type specific, as its persis-
tence was longer in microglial cells51–53 compared to PBMCs. Future

studies should explore ZL0580 analogues with a more favorable SI to
further investigate this epigenetic programming.

An important hurdle for the block-and-lock cure strategy is the
heterogeneous identity of the latent reservoir, which is partially driven
by the diversity in integration site selection. Therefore, combinations

Fig. 6 | ZL0580 inhibits HIV-1 transcription in primary cells. a PBMCs were
stimulated with 10μg/mL PHA for 2 days. The cells were transduced with HIV-1
FLuc virus. After 3 days, residual virus was washed away. 7 days post-transduction,
ZL0580 was added to the wells. 24 h later, samples were harvested to perform
luciferase assays and flow cytometry. Cells were washed and subcultured. CFM
indicates compound free media. 1, 2 and 3 days after drug removal, samples were
harvested for luciferase assays and flowcytometry.b For donor 1, luciferase counts
are presented for the cells harvested on day 8 post-transduction. Luciferase counts
were normalized for the total concentration of protein (determined with BCA
assay). HIV- are the non-transduced cells (negative control). Each dot represents
one biological duplicate.Mean ± SDof biological duplicates are shown (n = 2). c, d,
f For donor 2 (c), donor3 (d) anddonor 4 (f), relative luciferase reporter expression
(%)was calculated bydividing the luciferase counts normalized for protein content

(BCA assay) from ZL0580-treated cells by those from the control (0μM ZL0580).
Results from samples harvested on day 8 (black dot), 9 (grey square), 10 (blue
triangle) and 11 (green reversed triangle) are presented. Mean± SD of biological
duplicates are shown for each donor (n = 2; 4 donors). e, g For donor 3 (e) and
donor 4 (g), cell viability was determined in parallel by staining with propidium
iodide and flow cytometric analysis. The cell viability was normalized to the non-
infecteduntreatedcontrol.Mean ± SDof biological duplicates fromeachdonor are
shown (n = 2; 2 donors). Statistics were not performed due to a limited number of
data points. Source data are provided in the source data file. BCA, bicinchoninic
acid;CFM, compound freemedia; HIV-, non-transducednegative control; IC50, 50%
inhibitory concentration; ns, non-significant; PBMCs, peripheral blood mono-
nuclear cells; PHA, phytohemagglutinin; RLU, relative light units.
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of LPAs that silence proviruses at distinct integration sites are war-
ranted. LEDGINs are well-characterized LPAs that inhibit integration
and retarget the residual provirus to transcriptionally silent genes
(Fig. 9b)35–40. Unfortunately, previous single-cell experiments indicated
that residual viral expression persisted in some cells even after high
doses of LEDGINs41. Chen et al found apositive correlation between the
proximity of integration sites to enhancers and HIV-1 gene

expression72. Vansant et alshowed that LEDGINs do not influence the
proximity of integration sites to enhancers. Moreover, the authors
showed that the cells containing high vRNA expression after LEDGIN
treatment were integrated in proximity to enhancer sites41. It remains
unknown whether the integration near enhancer sites occurs ran-
domly or whether it is the nature of the virus to do so. Moreover, since
integration near enhancers is LEDGF/p75-independent, it is uncertain if
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the high vRNA expressing cells are treated with LEDGINs or escaped
LEDGIN-treatment (Fig. 9b)41. Either way, combining LEDGINs with
enhancer antagonist (BRD4modulators) may completely silence HIV-1
gene expression, making such combinations a promising strategy for
the block-and-lock functional cure (Fig. 9b). Lovén et al. reported that
JQ1 decreased the expression of enhancer-related genes and even
decreased the level of BRD4 at the genomic enhancer regions45.
However, JQ1 also reactivates HIV-1 transcription, making ZL0580, a
BRD4 modulator which epigenetically represses HIV-1 transcription, a
more promising compound for combination with LEDGINs. However,
since ZL0580 is newly discovered, its specific effects on the enhancer
biology are still unknown. Because ZL0580 alters BRD4’s interaction
profile with proteins and the chromatin differently than JQ1, its effec-
tiveness in blocking enhancer-dependent transcription remains
unclear. Thus, we combined LEDGINs with both JQ1 and ZL0580 to
more efficiently block HIV-1 gene expression.

Synergy calculations using Combenefit56, corroborated that JQ1
acts differently on LEDGIN-retargetedproviruses in SupT1 cells (Fig. 4).
The switch towards less antagonistic synergy scores at higher LEDGIN
concentrations suggest that JQ1 may block enhancer-dependent tran-
scription after LEDGIN-mediated retargeting. However, since JQ1 acts
predominantly as a LRA, it was not capable to silence residual HIV-1
transcription (Fig. 4). Next, we combined CX014442 and ZL0580, both
in cell line models (Fig. 5) and PBMCs (Fig. 8; S12). Interestingly, our
Combenefit analysis confirmed an additive effect between these 2
agents and almost a complete block of the luciferase expression at
high concentrations of both agents (Figs. 5 and 8, S12). In addition, we
tested whether treatment with CX014442 affected the persistence of
the inhibitory effect of ZL0580 on HIV-1 transcription. Interestingly, in
PBMCs the inhibitory effect of ZL0580 onHIV-1 transcription persisted
longer in cells treated with high concentrations of CX014442 com-
pared to cells not treated or treated with lower concentrations of
CX014442 (1 vs. 2 days) (Fig. S13). This may indicate that integration
sites influence the epigenetic modifications ZL0580 imparts to the
chromatin. In addition, it may also be possible that when HIV-1 is
integrated into silent regions, the transcriptional activity of the pro-
virus is already reduced significantly, making it more challenging for
viral gene expression to be reactivated. Altogether, we showed that the
combination of ZL0580 with CX014442 nearly achieved complete
silencing of HIV-1 gene expression. While direct evidence for our
enhancer hypothesis is lacking, ZL0580 and LEDGINs still show pro-
mise as an ‘LPA cocktail’ candidate for a block-and-lock cure. Fur-
thermore, this highlights as well that combining different LPAs in a
rational could be crucial for achieving a more effective block-and-lock
cure strategy. More combinations should be investigated using
synergy calculations, such as with didehydrocortistatin A19,20.

While ZL0580 requires more optimization regarding toxicity,
potency, and persistence before being included in animal studies and
clinical trials, BRD4 modulators offer several key advantages. First,
viral resistance is ruled out because BRD4 is a host protein. Second,
BRD4-targeting compounds have shown promising safety profiles in

oncology trials73–75. Third, ZL0580 can repress HIV-1 replication in
microglial cells and macrophages, which are insufficiently targeted by
ART76. Fourth, BRD4 modulators target transcriptional events after
viral integration, while LEDGINs target HIV-1 integration. Therefore,
LEDGINs were administered during acute infection in ourmodel, while
ZL0580 was added after the induction of latency during chronic
infection. Studies showing that the replication-competent reservoir is
established around the time of therapy initiation77,78, suggest that
LEDGINs can alter the HIV-1 integration site in chronically infected
patients diagnosed years after infection as well. The challenge is
whether LEDGINs can modulate the latent reservoirs after treatment
interruption in chronically infected patients already treatedwith cART.
Further research into the effectiveness of LEDGINs on the established
latent provirus (discussed in ref. 4,79) is still warranted.

To conclude, our data confirm that BRD4 can be modulated to
either stimulate or hamper HIV-1 transcription. Furthermore,
ZL0580 shows promise in combination with LEDGINs to reinforce the
block-and-lock cure strategy. Still, ZL0580 requires further mechan-
istic investigation and lead optimization to reduce toxicity and opti-
mize the persistence of the LPA effect.

Methods
Cell culture
SupT1 cells (T lymphoblasts, ARP-100)80 (acquired through the
National Institutes of Health (NIH) AIDS reagent program, Bethesda,
MD) were cultured in Roswell Park Memorial Institute (RPMI) medium
(GIBCO) in the presence of 10% (v/v) fetal bovine serum (FBS; GIBCO)
and 0.01% (v/v) gentamicin (GIBCO). J-LatA2 cells(T lymphoblasts;
ARP-9854)81 (acquired through the HIH AIDS reagent program,
Bethesda,MD)were cultured in RPMImedium (GIBCO) in the presence
of 10% (v/v) FBS (GIBCO), 0.01% (v/v) gentamicin (GIBCO) and 1% (v/v)
glutamax (GIBCO). HeLa-derived TZM-bl cells82 (cervical carcinoma;
ARP-8129)83 (acquired through the NIH AIDS reagent program,
Bethesda, MD) were cultured in Dulbecco modified Eagle medium
(DMEM; GIBCO) with 10% (v/v) FBS (GIBCO), 0.01% (v/v) gentamicin
(GIBCO). Cells were cultured at 37 °C in a humidified atmosphere of 5%
CO2. All cells were verified to be free frommycoplasma contamination
each month (PlasmoTestTM, InvivoGen Europe).

Virus strain. The pNL4-3.Luc.R-E-based HIV-1 construct, which
contains a firefly luciferase gene in the pNL4.3 nef gene and 2 frame-
shifts (5’ Env and Vpr aa 26), was obtained through the NIH AIDS
Research and Reagent Reference program84. HEK-293T cells were co-
transfected with pNL4-3.Luc.RE- and pVSV-g to produce replication-
deficient (single-round) virus encoding luciferase, as previously
described30,85,86. We further refer to this virus as HIV-1 FLuc virus.

Compounds
TheBRD4 inhibitor, JQ1,was obtained fromSigmaAldrich. ZL0580was
a kind gift from Dr. Peng (Shandong University). Cistim/CD3 KU Leu-
ven (courtesy of A. Marchand) synthesized the LEDGIN, CX01444236.
Chemical structures of all compounds are shown in Fig. 1a. Dimethyl

Fig. 7 | The effect of ZL0580 in primary cells after multiple treatments. a, b
PBMCs were stimulated with 10μg/mL PHA for 2 days. The cells were transduced
with HIV-1 FLuc virus. After 3 days, residual virus was washed away. Between day 3
and 7 post-transduction, cells were pretreated twice (a) or thrice (b) with ZL0580
for 24h. CFM indicates compound free media. After the final ZL0580-treatment
(day8 post-transduction), sampleswere harvested to perform luciferase assays and
flow cytometry. To determine if the effect of ZL0580 persisted after ZL0580
removal, cells were washed and subcultured. 1, 2 and 3 days after drug removal,
samples were harvested for luciferase assays. Luciferase counts were normalized
for the total concentration of protein (determined with BCA assay). Relative luci-
ferase reporter expression (%) was calculated by dividing the luciferase counts
normalized for protein content (BCA assay) from ZL0580-treated cells by those

from the control (0μM ZL0580). Results from samples harvested on day 8 (black
dot), 9 (grey square), 10 (blue triangle) and 11 (green reversed triangle) are pre-
sented. Mean ± SD of technical duplicates from each donor are shown (n = 2; 2
donors). cCell viability was determined in parallelwith the luciferase assay onday8
post-transduction by staining with propidium iodide and flow cytometric analysis.
The cell viability of the ZL0580-treated wells was normalized to the infected
untreated control. The value of one technical duplicate from each donor is shown
(n = 1; 2 donors). Statistics were not performed due to a limited number of data
points. Source data are provided in the source data file. BCA, bicinchoninic acid;
CFM, compound free media; ns, non-significant; PBMCs, peripheral blood mono-
nuclear cells; PHA, phytohemagglutinin; RLU, relative light units.
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sulfoxide (DMSO; Sigma) was used to dilute all compounds and all
compounds were aliquoted and stored at -20 °C to maintain stability.

Transduction, treatment and reactivation of SupT1 cells
3.6 × 105 SupT1 cells were transduced with 2.9 × 104pg p24 HIV-1 FLuc
virus. 3 days after transduction, the cells were washed to remove
residual virus and cultured for an additional 7 days to allow silencing of

HIV-1 gene expression. At day 10 post-transduction, the cells were
treatedwith adilution series of JQ1 or ZL0580.Meanwhile, half of these
wells were reactivated with 10 ng/mL TNF-α (Immunosource), and the
other half remained non-reactivated. Samples were harvested 24 h
post-reactivation for the luciferase assay, BCA assay, MTT assay, flow
cytometry and bDNA imaging. The timeline of the experiment is
summarized in Fig. 1b. Secondly, we investigated the persistenceof the
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effect of JQ1 and ZL0580 on HIV-1 transcription by washing away the
compound. Therefore, similar infection experiments were conducted
as described above, wherein JQ1 or ZL0580 was added on day 10 post-
transduction. However, after collecting samples on day 11 post-trans-
duction, the non-reactivated cells were washed and subcultured. On
day 12 post-transduction, half of the cells were reactivated with 10 ng/
mL TNF-α (Immunosource), while the other half remained non-
reactivated. Samples were harvested on day 13 post-transduction for
the luciferase assay and flow cytometry. The protocol is outlined in
detail in Fig. S4a. Third, we studied the effect of JQ1 and ZL0580 on
LEDGIN-retargeted provirus. The experiment was similar as described
above, only varying concentrations of LEDGINs were additionally
added during transduction with the HIV-1 FLuc virus. Briefly, the resi-
dual virus and LEDGINs werewashed away on day 3 post-transduction.
On day 10 post-transduction, all cells were treated with JQ1 or ZL0580,
while half of these cells were additionally reactivated with 10 ng/mL
TNF-α (Immunosource). Finally, samples were collected 24 h post-
reactivation for the luciferase assay, BCA assay and flow cytometry.
The timeline is presented in Fig. 3b. Fourth, we studied the persistence
of the combined treatment of JQ1/ZL0580 with LEDGINs. The experi-
ment was similar as described above. Varying concentrations of LED-
GINs were added during transduction and residual virus and LEDGINs
were washed away on day 3 post-transduction. On day 10 post-trans-
duction, all cells were treated with JQ1 or ZL0580, while half of these
cells were additionally reactivated with 10 ng/mL TNF-α (Immuno-
source). However, after collecting samples for the luciferase assay and
flow cytometry on day 11 post-transduction, the non-reactivated cells
were washed and subcultured. On day 12 post-transduction, half of the
cellswere reactivatedwith 10 ng/mLTNF-α (Immunosource), while the
other half remained non-reactivated. Samples were harvested on day
13 post-transduction for the luciferase assay, BCA assay and flow
cytometry. The timeline is presented in Fig. S10a.

HIV-1 luciferase reporter assay
Cells were harvested and washed 3 times with phosphate buffered
saline (PBS) and subsequently lysed with a home-made lysis buffer
(50mM Tris-HCl pH 7.5, 200mM NaCl, 0.2% (v/v) NP40 and 5% (v/v)
glycerol). After a freeze-thaw cycle, cell lysates were centrifuged
(1250× g, 10min) and 5μLof the supernatantwasmixedwith 25μLof a
FLUC assay reagent (ONE-Glow; Promega GMBH). The bioluminescent
signal was measured with an Envision 2105 (PerkinElmer). The luci-
ferase counts were normalized for the total protein content per well
determined with the BCA assay (BCA protein assay kit; Thermo Sci-
entific). Data are presented as such or the relative luciferase reporter
expression (%) was calculated by dividing the luciferase counts nor-
malized for protein content (BCA assay) from the compound-treated
wells by those from the untreated positive control.

Propidium iodide staining
Cells were harvested at multiple days for flow cytometry. Cells were
stained with 5μg/mL propidium iodide (Sigma) dye for 15min at RT.
To determine cell viability an 488 nm laser and 774/26 nm bandpass
filter was used. As cell viability is assessed, debris was not excluded.
10.000 events were counted and a flow speed of 200μL/minwas used.
Every sample is analyzed in biological duplicates. Data was analyzed
with the Attune cytometric software software (version 5.2.0) and FCS
express (version 7 research edition).

MTT assay
To determine viability, MTT is reduced to a purple formazan
derivative by metabolically active intracellular mitochondrial
dehydrogenases87. In a 96 well plate 1.8 × 105 SupT1 cells were treated
with serial dilutions of compound (0-100μM). After 24 h, 20μL of the
yellow dye, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) (Sigma), was added to the cells. Afterwards formazan
crystals were dissolved by adding 100μL of an isopropanol solution
supplemented with 6% (v/v) Triton and 0.4% (v/v) mL HCl. Two h later,
formazan absorbance was measured spectrophotometrically at
540nm and background at 690nm by using the Envision 2105 (Per-
kinElmer). Data are presented as cell viability (%), normalized to the
untreated positive control.

Treatment and reactivation of J-Lat A2 cells
In the first experiment, J-Lat A2 cells were plated in a 96-well and
treated with a dilution series of ZL0580 and DMSO as a negative
control. Meanwhile cells were reactivated with 10 ng/mL TNF-α
(Immunosource). After 24 h, samples were harvested for flow cyto-
metry. Cells were stained with 1/1000 dilution of eBioscience fixable
viability dye 780 (Invitrogen) for 30min at 4 °C and afterwards fixated
with 4% perfluoroalkyl solution (PFA; Alfa Aesar) for 15min. The pro-
tocol is outlined in detail in Fig. S3a.

Flow cytometric analysis of J-LatA2 cells
To determine cell viability a 537 nm laser and a 775/50nm bandpass
filter was used. Doublets were excluded using the FSC-A/FSC-H. In
parallel, GFP expression was determined with the Invitrogen Attune
NxT Flow Cytometry (Thermo Fisher Scientific) using a 488 nm exci-
tation laser and 525/50nm band pass filter. Live cells were gated using
the forward and side scatter channel (FSC-A/SSC-A) and doublets were
excluded (FSC-A/FSC-H). Gating strategy is presented in Fig. S3b.
10.000 events were counted and a flow speed of 200μL/minwas used.
Every sample is analyzed in biological duplicates. Data were analyzed
with the Attune cytometric software (version 5.2.0) and FCS express
software (version 7 research edition).

Fig. 8 | LEDGIN CX014442 and ZL0580 additively inhibit HIV-1 transcription in
primary cells. a PBMCs were stimulated with 10 μg/mL PHA for 2 days and after-
wards transduced with HIV-1 FLuc virus and treated with CX014442 for 3 days.
Relative luciferase reporter expression (%) was calculated as luciferase counts
(normalized for protein content; BCA assay) relative to the untreated control. The
IC50, 20.87 ± 2.54μM,was determined using a four-parameter logistic regression of
a dose-response curve. Mean ± SD of biological duplicates of 1 experiment out of 1
are presented (n = 2). b On day 3, cells were stained with propidium iodide and
analyzed using flow cytometry. Cell viability (%), was calculated relative to the non-
transduced negative control (HIV-). Mean ± SD of biological duplicates are pre-
sented (n = 2; 2 donors). Statistics were not performed due to a limited number of
data points. c PBMCs from anonymous donors were stimulated with 10μg/mL PHA
for 2 days. The cells were transduced with HIV-1 FLuc virus and treatedwith a 2-fold
dilution series of CX014442 (0.5-2 x IC50) for 3 days. 7 days post-transduction, a
dilution series of ZL0580 was added to the cells. 24 h after ZL0580-treatment,

samples were harvested for luciferase assay and flow cytometry. d On day 8 post-
transduction, relative luciferase reporter expression (%) was calculated by nor-
malizing luciferase counts (adjusted for protein content; BCA assay) from ZL0580-
treated cells to the control (0μM ZL0580), separately for each CX014442 con-
centration. Mean± SD of biological duplicates are presented (n = 2; 4 donors).
Statistics were not performed due to a limited number of data points. e Using the
Combenefit software56, experimental 3D dose-response curves of the drug com-
bination of CX014442 and ZL0580 were generated, expressed as a percentage of
the positive control (0μM CX014442 and ZL0580). The curve is covered with a
color code according to synergy/antagonism scores, calculated with the Bliss
Synergymodel. The matrix shows the value of the synergy/antagonism scores. The
average results from 2 biological duplicates are shown (n = 2; 4 donors). Source
data are provided in the source data file. IC50, 50% inhibitory concentration; ns,
non-significant; PBMCs, peripheral blood mononuclear cells; PHA, phytohe-
magglutinin; 3D, 3-dimensional.
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Tat assay
20 × 105 HeLa-derived TZM-bl cells, that express CD4/CCR5 and con-
tain Tat-inducible FLuc and beta-Gal reporter genes83, were plated in a
96-well. 24 h later, following a wash step with PBS, the cells were
transfectedwith 1000 ng Tat plasmid (NIHHIV Reagent Program)with
the use of lipofectamine 3000 (Invitrogen). One day after transfection,

cells were treated with ZL0580 and JQ1 for 24 h. Cells were harvested
for the luciferase and BCA assays.

Branched-DNA imaging
The bDNA assay performed with the RNA scope technology (Advance
Cell Diagnostics)88 was optimized by Puray-Chavez et al.89. After HIV-1
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transduction and reactivation, cells were adhered to a Poly-D-Lysine
cover slip (Neuvitro) and fixed with a 4% (v/v) PFA (Alfa Aesar). After
fixation, the cells were dehydrated using increasing concentrations of
ethanol (0%, 50%, 70%, and 100% (v/v); Fisher Scientific) and stored at
-20 °C. After storage, the cells were rehydrated with 70%, 50%, and 0%
(v/v) ethanol solutions and permeabilized with 0.1% (v/v) tween-20
(Thermo Fisher Scientific). For vRNA detection, a vRNA probe target-
ing the non-Gag/Pol region of the HIV-1 genome (REF317711-C2;
Advanced Cell Diagnostics) was added to the cells, diluted in a 1:50
ratio (v/v) with probe diluent (REF 300041: Advanced Cell Diag-
nostics). Subsequently, vDNA detection took place with a sense HIV-
Gag/Pol-C1 probe (REF 317701, Advanced Cell Diagnostics). For signal
amplification, amplifiers were added, which are conjugated with a
fluorophore (ATTO 550 for vDNA, pseudocolored red in the images;
ATTO 635 for vRNA, pseudocolored green in the images) to hybridize
to the probes. Further, to visualize the nucleus, a 4′,6-diamidino-2-
phenylindole (DAPI; 0.001μg/μL; Life Technologies) staining was
performed. After bDNA hybridization, the fluorescent signals of DAPI,
the vRNA probe (635 fluorophore), and the vDNA probe (550 fluor-
ophore) were detected with fluorescence confocal microscopy
(FLUOVIEW FV1000 or FV2000, Olympus) with a UPLSAPO 60x water-
immersion objective. The excitation wavelengths of the lasers for
DAPI, the vRNA probe, and the vDNA probe were set at 405, 635 and
559nm, respectively. Using a 0.3 μm step size and 4 μs/pixel sampling
speed, 3-dimensional stacks were taken. After acquiring the images of
the DAPI, vRNA, and vDNA signal, the images were converted to tiff
files via Fiji using a home-written Fiji routine. These tiff files were fur-
ther used in the in-house designed MATLAB routine, adapted from
Crocker et al.90, to quantify the vDNA and vRNA spots at a single-
cell level.

Co-localization between BRD4 and lysine acetylation in histone
To investigate the effect of the compounds on co-localization between
BRD4 and acetylated lysines (KAc) in the histones, confocal micro-
scopy was used. First, chambers were pretreated with poly-D-lysine
(Sigma-Aldrich), and 3.75 × 105 SupT1 cells were plated into an 8-well
chamber slide. Next, the cells were incubated with JQ1 (1, 5 μM),
ZL0580 (3.4, 5μM)or left untreated for 24 h. Afterwards, the cells were
fixed with 4% (v/v) PFA (Alfa Aesar) for 10min and permeabilized with
0.2% (v/v) Triton-X-100 (Arcos Organics) and 2% (v/v) bovine serum
albumin (BSA; Sigma-Aldrich) in PBS for 30min. After washing the cells
3 times, a blocking buffer containing 10% (v/v) FBS (GIBCO) and 0.2%
(v/v) Tween-20 (Fisher Scientific) in PBS was added for 15min. Over-
night, the cells were stained at 4 °C with the primary antibodies: anti-
BRD4 1:100 (Santa Cruz, sc-518021), anti-BRD4 1:100 (Abcam,
ab128874, lot GR3251918-2), anti-H3K9/14Ac 1:2000 (Diagenode,
C15410200), anti-H4K8Ac 1:100 (Invitrogen, GT478, lot ZG4382220)
diluted in blocking buffer. The cells were washed 3 times with PBS and

incubated for 3 h with secondary antibodies: Goat Anti-Mouse IgG
conjugated with Alexa488 (Invitrogen, A11001, lot2714439) 1:500,
F(ab’)2-Goat anti-Rabbit IgG (H+ L) Cross-Adsorbed Secondary Anti
body Alexa Fluor 488 (Invitrogen, A11070, lot 2896481) 1:1000, Goat
Anti-Rabbit IgG conjugated with Alexa633 (Invitrogen, 40839) 1:500,
Goat anti-Mouse IgG (H+ L) Cross-Adsorbed Secondary Antibody
Alexa Fluor™ 633 (Invitrogen, A-21050, lot 2540908) 1:1000 in block-
ing buffer supplemented with 5% (v/v) goat serum. Finally, the cells
were incubated with blocking buffer supplemented with 1:5000 DAPI
(Life Technologies) for 5min to stain the nucleus. Afterwards the slides
were washed with PBS. Fluorescence images were acquired using a
laser scanning microscope LSM 880 – Airyscan (Carl Zeiss) with the
63X oil-immersion objective. Lasers with 405, 488, 630 nm excitation
beamswere used. The degree of co-localization was quantified via PCC
using Fiji (ImageJ).

Combenefit synergy calculations
Analysis and data visualization of synergy of drug combinations were
performed using Combenefit Software (version 2.021 for Microsoft)
(University of Cambridge), downloaded at https://sourceforge.net/
projects/combenefit/56. The luciferase reporter data are normalized to
the untreated positive control (%). From the latter, dose-response
curves of both single compounds and an experimental dose-response
surface of the combination of both compounds are generated. After-
wards, a reference dose-response surface is produced by the software
based on the dose-response curve of the single compounds. Combe-
nefit provides the choice between 3 models to generate this reference
dose-response surface. Based on literature research of the 3 models,
the Bliss model was applied to our data because it is considered sui-
table for assessing the effects of drugs with different mechanisms of
action91–93. By comparing the experimental dose-response surface to
the reference dose-response curve a synergy/ antagonism score is
shown for each drug combination tested.

Isolation of primary cells
Using a Lymphoprep density gradient (Stem Cell Technologies),
human PBMCs were purified from buffy coats received from the Red
Cross Blood Transfusion Center (Mechelen; Belgium) and afterwards
stored in liquid nitrogen until use. The experiments with human blood
cells received bioethical approval by the Medical Ethics committee of
the KU Leuven (S69957).

Infection and activation of primary cells
PBMCs were stimulated with 10μg/mL PHA (Sigma) 2 days before
transduction. These cells were transduced with 1.73 × 106pg p24 HIV-1
FLuc virus per 1 × 106 cells. 3 days post-transduction, residual virus was
washed away and cells were subcultured for an additional 4 days. At day
7 post-transduction, the cells were treated with a dilution series of

Fig. 9 | The role of BRD4 in HIV-1 transcription in LEDGF/p75-dependent and
LEDGIN-retargeted provirus. BRD4 affects HIV-1 transcription at multiple
levels. (1) BRD4 is a negative regulator of Tat-dependent transcription. BRD4 is
bound to acetylated histones and competitively blocks the interaction of Tat with
P-TEFβ preventing the formation of the Super elongation complex (SEC). (2) BRD4
is a positive regulator of Tat-independent transcription because BRD4 recruits
P-TEFβ to the viral promotor. (3) BRD4 blocks HIV-1 transcription through BRG1.
The short isoform of BRD4, lacking a P-TEFb interaction domain, directly binds
BRG1 and acetylated histones, resulting in a recruitment of BRG1 to the HIV-1
promotor. BRG1 is a catalytical subunit of BAF, a SWI/SNF chromatin-remodeling
complex which induces a repressive promotor nucleosome position. (4) BRD4
mediates enhancer-dependent transcription in trans leading to the further
recruitment of P-TEFβ, Med1 and transcription factors (TFs).b LEDGF/p75 contains
an IBD that binds the viral IN and a PWWP domain that binds the active chromatin
mark, H3K36me2/3. LEDGF/p75 targets integration into active genes. Active tran-
scription can also result from a stochastic integration near enhancer regions (with

H3K27ac or H3K4me1 as marks), independent of LEDGF/p75 but dependent on
BRD4. LEDGINs bind the LEDGF/p75 binding pocket of the viral integrase and
retarget integration away fromH3K36me2/3 into repressive chromatin regions but
do not influence the proximity of integration near enhancer regions. Residual
active transcription after LEDGIN-treatment may be caused by integration near
enhancers. BRD4 modulators, like JQ1 and ZL0580, may silence enhancer-
dependent transcription after LEDGIN-treatment. Figure adapted from41 and cre-
ated in BioRender. Van belle, S. (2025) https:// BioRender.com/3jlc8r. Ac, acety-
lated; BAF, brahma associated factor; BRD4L, bromodomain containing protein 4
long isoform; BRD4S, bromodomain containing protein 4 short isoform; BRG1,
brahma related gene 1; CTD, carboxy terminal domain; ELLII, elongation factor for
RNA Pol II; IBD, integrase binding domain; IN, integrase; Med1, mediator complex
subunit 1; pol, polymerase; PIC, pre-integration complex; P-TEFβ, positive tran-
scription elongation factor β; SEC, super elongation complex; TAR, trans-activation
response element; Tat, trans-activator of transcription; TF, transcription factors;
7SK snRNP, 7SK small nuclear ribonucleoprotein.
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ZL0580. 24h post-treatment, samples were collected for the luciferase
assay. In addition, cells were washed to remove the compound and
subcultured. 1, 2 and 3 days after removal of ZL0580, samples were
harvested for the luciferase assay as well. The timeline is presented in
detail in Fig. 6a. Second, we investigated the effect of multiple treat-
ments with ZL0580 in PBMCs. The experiment was similar as described
above. But between the washing step on day 3 post-transduction and
the treatment with ZL0580 on day 7 post-transduction, PBMCs were
additionally pretreated once or twice with ZL0580. The timeline is
shown in Fig. 7a and b. Third, we studied the effect of ZL0580 on
LEDGIN-retargeted proviruses in primary cells. Therefore, varying
concentrations of LEDGINs were added during transduction. The
experiment was similar as described above. Briefly, the residual virus
and LEDGINs were washed away on day 3 post-transduction. On day 7
post-transduction, cells were treated with varying concentrations of
ZL0580. Finally, samples were collected 24 h after ZL0580-treatment
for the luciferase assay. The timeline is presented in Fig. 8c. Fourth, we
studied the persistence of the combined treatment of LEDGIN and
ZL0580 in primary cells. The experiment was similar as described
above. But in addition to harvesting samples for the luciferase assay at
day 7 after transduction, cells were washed to remove the compound
and subcultured. 1, 2, and 3 days after removal of ZL0580, samples
were harvested for the luciferase assay as well. The timeline is pre-
sented in detail in Fig. S13a.

Statistical analysis
Using GraphPad Prism software (version 10.00 for Microsoft) (www.
graphpad.com), a non-linear regression curve fit of a dose-response
curve was used to determine the CC50 and IC50 values of the com-
pounds. Statistical significance was calculated using GraphPad Prism
with a One-way ANOVA, a Brown-Forsythe and Welch ANOVA or a
Kruskal-Wallis test, depending on the normality test (Normality test of
D’Agostino, Anderson-Darling, Shapiro-Wilk, Kolmogorov-Smirnov)
and the equality of the group variances (Brown-Forsythe and Barlett’s
test). Tests were corrected for multiple comparisons with the Sidak’s
multiple comparison test, s multiple comparison test, Dunnett’s T3
multiple comparison test or theDunn’smultiple comparison test. SPSS
software (version 30 for Microsoft) was applied to conduct the nega-
tive binomial probability distribution on the data generatedwith bDNA
imaging. The deviance (goodness of fit coefficient) was 0.572
(CX014442, SupT1 cells), 0.956 (JQ1, SupT1 cells) and 0.620 (ZL0580,
SupT1 cells). Statistical significance is noted as: ns non-significant; *
p <0.05; ** p <0.01; *** p < 0.0001; **** p <0.0001).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.
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