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Abstract 
An estimated 32 million people live with HIV-1 globally. Combined antiretroviral therapy 

suppresses viral replication but therapy interruption results in viral rebound from a latent 

reservoir mainly found in memory CD4+ T cells. Treatment is therefore lifelong and not 

curative. Eradication of this viral reservoir requires hematopoietic stem cell transplantation 

from hemizygous or homozygous ΔCCR5 donors, which is not broadly applicable. Alter-

native cure strategies include the pharmacological reactivation of latently infected cells to 

promote their immune-mediated clearance, or the induction of deep latency. HIV-1 latency 

is multifactorial and linked to the activation status of the infected CD4+ T cell. Hence to 

perturb latency, multiple pathways need to be simultaneously targeted without affecting 

CD4+ T cell function. Hsp90 has been shown to regulate HIV-1 latency, although knowl-

edge on the pathways is limited. Because Hsp90 promotes the proper folding of numerous 

cellular proteins required for HIV-1 gene expression, we hypothesized that Hsp90 might 

be a master regulator of latency. We tested this hypothesis using a polyclonal Jurkat cell 

model of latency and ex-vivo latently infected primary CD4+ T cells. We found that, in the 

Jurkat model, Hsp90 is required for HIV-1 reactivation mediated by the T-cell receptor, 

phorbol esters, TNF-α, inhibition of FOXO-1, and agonists of TLR-7 and TLR-8. In primary 

cells, Hsp90 regulates HIV-1 gene expression induced by stimulation of the T-cell receptor 

or in the presence of IL-7/IL-15 or a FOXO-1 inhibitor. Chemical inhibition of Hsp90 abro-

gated activation of the NF-kB, NFAT and AP-1 signal transduction pathways. Within the 

CD4+ T cell population, CDRA45+ CCR7+ “naïve” and CD45RA- CCR7- “effector memory” 

cells were most sensitive to Hsp90 inhibition, which did not perturb their phenotype or 

activation state. Our results indicate that Hsp90 is a master regulator of HIV-1 latency that 

can potentially be targeted in cure strategies.

Author summary
HIV-1 affects around 32 million people globally. Current treatments, known as com-
bined antiretroviral therapy, can suppress the virus but do not cure the infection and 
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if the treatment stops, the virus comes back. This happens because the virus hides in a 
population of immune cells called memory CD4+ T cells. To truly cure HIV-1, some 
strategies involve complex and risky procedures like hematopoietic stem cell transplants, 
which are not widely applicable. Another approach is to reactivate the hidden virus 
in the cells, so the immune system can eliminate it, or to force the virus into an even 
deeper hiding state. HIV-1 latency, or its ability to hide in cells, is influenced by many 
factors and cells need to be activated to disrupt it. Hsp90 is a chaperone that regulates the 
function of numerous proteins important for HIV-1 latency and is known to play a role 
in maintaining this hidden state of the virus. We therefore wondered if Hsp90 acts like a 
master regulator of latency. Using lab-based models, we discovered that Hsp90 is crucial 
for the reactivation of HIV-1 through various pathways. By inhibiting Hsp90, the activa-
tion of key signalling pathways necessary for viral reactivation was blocked. Importantly, 
blocking Hsp90 did not harm the CD4+ T cells’ function or state. Hsp90 inhibitors, 
already tested in cancer treatments, could thus be a promising avenue for HIV-1 cure 
strategies, as they seem to hold the key to maintaining HIV-1 latency.

Introduction
Untreated human immunodeficiency virus type 1 (HIV-1) infection causes a progressive 
loss of CD4+ T cells that eventually results in death of the infected individual due to pro-
found immunodeficiency, opportunistic infections, neurocognitive deficits and cancer such 
as Kaposi sarcoma [1,2]. Currently, combined antiretroviral therapy (cART) extends the life 
expectancy of people living with HIV-1 (PLWH) who are virologically suppressed to levels 
almost equal to uninfected individuals [3]. Treatment with cART must be lifelong because its 
interruption results in rapid virological rebound from a latently infected cell reservoir, even if 
therapy started early post-infection [4]. The largest reservoir is constituted by memory CD4+ 
T cells in which HIV-1 has integrated and established a transcriptionally silent infection, 
although infected tissue resident macrophages and microglial cells in the brain also contrib-
ute to the reservoir [5,6]. The latent reservoir is long-lived due to homeostatic proliferation 
of latently infected memory CD4+ T cells, their clonal expansion and immune selection, and 
the ability of intact but silent HIV-1 proviruses to reactivate upon stimulation, restarting the 
replication cycle [5,7]. Thus, cART cannot cure HIV-1 infection. To compound this problem, 
during cART, many PLWH show persistent immune activation due to gut microbial translo-
cation, co-infections and viral antigen expression from a proportion of both intact and defec-
tive HIV-1 proviruses [8]. Although cART has mostly eliminated AIDS-defining illnesses, 
persistent immune activation significantly increases the odds developing co-morbidities in 
PLWH [9].

A cure by eradicating HIV-1 infected cells has been achieved only by allogeneic hema-
topoietic stem cell transplantation using hemizygous or homozygous ΔCCR5 donors, but 
this procedure is not broadly applicable to PLWH [10]. However, approaches to achieve 
long-term remission after therapy interruption are being developed [11]. One approach 
combines latency reactivating agents (LRAs) to stimulate viral antigen expression followed 
by immune-mediated clearance of infected cells. Another approach aims at repressing HIV-1 
reactivation and generating a state of deep, potentially irreversible latency [11]. For optimal 
results, these two strategies require a detailed understanding of how HIV-1 latency is regu-
lated and maintained.

HIV-1 gene expression is driven by the enhancer and promoter regions in the viral long 
terminal repeats (LTRs). Initiation of HIV-1 transcription relies on the transcription factors 
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NFAT, NF-kB, AP-1 (c-Fos/c-Jun) and the ras-responsive binding factor-2 (RBF-2), which 
bind to cognate cis-acting sequences in the LTR [12–14]. Notably, these transcription factors 
determine not just HIV-1 transcriptional initiation, but also many of the cellular response 
to T-cell receptor (TCR) stimulation, demonstrating the close link between T-cell and viral 
transcriptional regulation [15–17]. Upon transcriptional initiation, the viral protein Tat is 
produced and imported into the nucleus where it recruits the host positive transcription 
elongator factor-b (P-TEFb) on to the LTR [18,19]. P-TEFb, a heterodimer complex formed 
by cyclin T1 (CyT1) and the kinase subunit CDK9, boosts processivity of RNA polymerase 
(RNAPol) II by phosphorylating its C-terminal domain and triggering the release of negative 
regulators such as DSIF and NELF [18,19]. This is followed by the epigenetic reorganization of 
chromatin at the site of viral integration, leading to sustained viral gene expression [18,19].

HIV-1 latency is established at multiple levels, including the integration site in the host 
genome, the epigenetic configuration of chromatin at or near the site of integration, the acti-
vation state of the infected CD4+ T cells, which determines the nuclear availability of critical 
transcription factors, the abundance of P-TEFb, and the recruitment of transcriptional and 
post-transcriptional repressive factors [18,19].

Inhibiting HIV-1 gene expression should prevent HIV-1 reactivation from latency and 
reduce chronic inflammation in PLWH, yet there are no approved drugs that target this step 
of the viral life cycle, and only a few are at the development or pre-clinical stage. Examples 
include PKC, PI3K and MEK inhibitors, which have been reported to suppress HIV-1 latency 
reactivation in vitro by inhibiting TCR mediated stimulation of latently infected CD4+ T cells 
[13,20]. Aryl hydrocarbon receptor (AhR) agonists [21] and RORC2 antagonists have been 
reported by our group to block viral outgrowth after stimulation of patients’ latently infected 
CD4+ T cells [22]. One limitation of this approach is that HIV-1 reactivation from latency 
depends on several parallel signalling pathways [19] hence blocking one pathway at a time 
may not be sufficient to achieve measurable silencing of viral gene expression. In addition, the 
effect of these drugs on CD4+ T cell behaviour is poorly understood.

This limitation can be addressed by targeting a viral protein that is essential for HIV-1 gene 
expression. An analogue of cortistatin A (didehydro-cortistatin A or dCA) has been shown to 
suppress Tat activity both in vitro and in humanized mice, resulting in specific inhibition of 
HIV-1 reactivation, and fostering epigenetic modifications that maintain latency longer term 
[23–25]. A complementary strategy is to target master regulators that control multiple parallel 
pathways required for HIV-1 reactivation. Thus, there is a clear rationale to develop phar-
macological interventions that repress HIV-1 reactivation from latency by targeting multiple 
pathways simultaneously, provided that these interventions do not perturb the overall T cell 
function.

We and others have demonstrated that heat shock protein 90 (Hsp90) is a host factor 
required for HIV-1 gene expression and reactivation from latency [13,26–33]. The chaperone 
seems to act mainly at the early stages of viral gene expression [26,27,32,34]. Hsp90 and its 
co-chaperone Cdc37 were found to promote the activation of the NF-kB pathway by ensur-
ing the correct assembly and function of the IKK complex [13]. Hsp90 also co-localized with 
actively transcribing proviruses [13] and maintained the function of P-TEFb [32,34]. Notably, 
treatment of latently infected cells with selective Hsp90 inhibitors in vitro and in humanized 
mice repressed HIV-1 reactivation, and this effect was long-lasting [13,28,31,32,34]. Several 
selective Hsp90 inhibitors have been tested in phase II and III clinical trials to treat haemato-
logical malignancies and solid tumours [35]. The pharmacokinetics and pharmacodynamics 
of these drugs are well understood, and the drug concentration sufficient to inhibit HIV-1 
reactivation is significantly lower than that one required for the anti-cancer effect [13,28,35,36], 
paving the way to their possible repurposing to inhibit HIV-1 reactivation in PLWH.
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Hsp90 is a very conserved molecular chaperone that is responsible for folding, stabilizing, 
and activating a broad variety of client proteins. It operates as part of a large protein complex 
that includes co-chaperones, such as Hsp70, and other regulatory factors that control the 
activity and stability of client proteins. Hsp90 is known to facilitate many cellular processes, 
including protein homeostasis, signal transduction, and stress response [37]. Because Hsp90 
promotes the correct folding and assembly of many host factors required for HIV-1 gene 
expression [13,27,28,31,34,38], we hypothesized that Hsp90 might be a master regulator of 
HIV-1 reactivation from latency. Here, we tested this hypothesis using a polyclonal Jurkat cell 
model of latency and ex-vivo latently infected primary CD4+ T cells, and we evaluated how 
inhibiting Hsp90 affects the activation and differentiation of CD4+ T cells.

Results

Establishment of a polyclonal Jurkat model of HIV-1 latency
To investigate if Hsp90 is a master regulator of HIV-1 latency, we first established a cell 
model of latency in which a variety of latency reversing agents (LRAs) and their dependence 
on Hsp90 could be easily tested. The J-Lat cell clones have been very useful to study the 
regulation of HIV-1 latency and many of the key findings that emerged using this model 
have been confirmed in primary CD4+ T cells and in cells from PLWH [39–42]. However, 
for the purpose of this study, the clonality of the J-Lat model, in which each clone has a 
single provirus integrated at a specific location, was a limitation. Because the site of integra-
tion affects HIV-1 gene expression [43–45], several J-Lat clones would need to be tested to 
approximate the polyclonal nature of the latent reservoir in vivo, making screenings com-
plicated. To obviate this limitation, we established a polyclonal Jurkat cell model of latency 
(Fig 1A). Briefly, Jurkat cells were infected with a VSV-G-pseudotyped single cycle HIV-1 
vector (pNL4.3Δ6-drGFP) [46] (kind gift of Dr. Robert Siliciano, Johns Hopkins University) 
that expresses a destabilized GFP whose transcription is driven by the viral LTR. This HIV-1 
construct has two stop codons in gag-pol and so a separate gag-pol plasmid was provided 
during transfection of 293T cells to generate the viral supernatants [46]. Infected cells were 
sorted to select a pure population of GFP+ cells (Fig 1B), which were expanded for 5 weeks 
until latency (GFP- cells) was apparent (Fig 1C). Quantitative PCR to detect the GFP gene in 
the infected cells showed no loss of proviral DNA during passaging (Fig 1D), demonstrating 
actual viral latency.

We then surveyed 12 different LRAs that were previously shown to be active in latently 
infected primary cells, including cells from PLWH [16,40,46–48] (S1 Table). These LRAs are 
known to act through either distinct, or partially overlapping mechanisms (S1 Table) and 
were therefore suited broadly to probe the pathways for HIV-1 reactivation in our polyclonal 
latency model. Each LRA was tested at different concentrations to determine the dose-
response profile and assess cell toxicity (S2 Table). Latently infected cells were exposed to the 
LRAs for 24-48h then analysed by flow cytometry to measure the percentage of GFP+ cells 
and the GFP mean fluorescent intensity (MFI) as surrogate markers of HIV-1 gene expres-
sion. CD69 was used as an early marker of CD4+ T cells activation [49]. Stimulation of the 
TCR by anti-CD3 and anti-CD28 antibodies showed a dose-dependent increase in both the 
percentage of GFP+ cells and their MFI relative to untreated cells (Fig 1E–1H). TCR stimula-
tion up-regulated surface expression of CD69, as expected, and did not cause loss of cell via-
bility (Fig 1I and 1J). Phorbol 12-myristate 13-acetate (PMA) and Phytohemagglutinin (PHA) 
also showed a good dose-response in terms of percentage of GFP+ cells, MFI and simultane-
ous up-regulation of CD69 (S1A and S1B Fig). Ionomycin induced HIV-1 reactivation and 
CD69 expression in a stepwise fashion above a certain concentration (S1C Fig).
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Fig 1.  Establishment of a polyclonal Jurkat model of HIV-1 latency. (A) Schematic description of the generation of the 
latent Jurkat cell model. An HIV-1 reporter virus (pNL4-3-Δ6-drEGFP) encoding for destabilized GFP under the control of 
the HIV-1 promoter/enhancer (LTR) was used to differentiate between active and latently infected cells. pNL4-3-Δ6-drEGFP 
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Toll-like receptor 7 (TLR7) and TLR8 agonists have been reported to reactivate latent 
HIV-1 in CD4+ T cells by inducing an inflammatory response [48,50]. We therefore tested 
if TLR7 and TLR8 agonists promoted reactivation in our model. Treatment of the cells with 
TLR7 and TLR8 agonists caused a dose-dependent increase in both the percentage of GFP+ 
cells and MFI but did not significantly affect CD69 expression (S1D Fig). FOXO-1 contrib-
utes to the maintenance of HIV-1 latency by promoting a quiescent state in infected CD4+ 
T cells and inhibitors of FOXO-1 can reactivate the latent virus [51,52]. We therefore tested 
a well-characterized selective FOXO-1 inhibitor [51,52] in our cell model and confirmed 
previous reports by showing that the compound reactivated HIV-1 without affecting cell 
viability or CD69 expression (S1E Fig) [51,52]. This supports the notion that the HIV-1 
and CD69 promoters share some but not all the regulatory pathways [46]. Treatment with 
TNF-α induced viral reactivation with no CD69 upregulation or loss of cell viability (S2A Fig) 
whereas cytokines IL-7, IL-15, IL-6 and IL-2 were inactive in our model (S2B–S2D Fig). The 
inactivity of IL-7 can be explained by low surface expression of the IL-7 receptor CD127 in 
Jurkat cells (S2E Fig). In summary, 9 known LRAs induced HIV-1 reactivation in our poly-
clonal model, demonstrating its suitability to test the role of Hsp90 (Fig 1K).

Inhibition of Hsp90 broadly suppresses HIV-1 reactivation
To test if the LRAs shown in Fig 1K were dependent on Hsp90, we employed AUY922, a 
selective and well characterized Hsp90 inhibitor that binds to its N-terminal ATPase pocket 
and outcompetes ATP [53,54]. Latently infected cells were treated for 24 hours with a fixed 
concentration of each LRA in the presence of increasing concentrations of AUY922, or DMSO 
as control. The LRA concentration chosen had to be within the linear range of the dose-
response curve in the absence of cell toxicity. AUY922 was added at the same time as the LRA, 
and we did not see a difference if AUY922 was added 30 minutes before the LRA, presumably 
because of the good cell permeability of the drug [55]. Treated cells were analysed by flow 
cytometry 24 hours after treatment except for the FOXO-1 inhibitor which was analysed 
after 48 hours. AUY922 inhibited HIV-1 reactivation mediated by TCR stimulation (Fig 2A), 
PMA (Fig 2B), PHA (Fig 2C), TNF-α(Fig 2E), the FOXO-1 inhibitor (Fig 2F) and the TLR7 
and TLR8 agonists (Fig 2G and 2H). AUY922 did not appear to be significantly active against 
ionomycin-induced HIV-1 reactivation even if it antagonized ionomycin-induced upregu-
lation of CD69 surface expression (Fig 2D). In general, AUY922 reduced the percentage of 
GFP+ cells more than the GFP MFI, suggesting that only a proportion of latently infected cells 

is ΔEnv and ΔNef and has six premature stop codons in gag, vif, vpr, and vpu. The virus only allows for one round of infection. 
The VSV-G pseudotyped HIV-1 vector was produced by FuGENE transfection into 293T cells. The produced virus was used to 
infect Jurkat cells, and infection was confirmed by flow cytometry. Forty-eight hours post-infection, GFP+ (infected) cells were 
sorted by Fluorescence-Activated Cell Sorting (FACS) and maintained until latent infection was established. (B) Flow cytom-
etry gating strategy used for GFP+ cell sorting and monitoring of latency. (C) Flow cytometry analysis for GFP expression 
at different time points after sorting the infected cells. Three experiments are shown. (D) Quantification by qPCR of provi-
ral DNA copies (using GFP primers) in mock-infected cells and sorted GFP+ cells at different weeks post-sorting. (E) Flow 
cytometry gating strategy used for detection of GFP+ cells after addition of different LRAs. Uninfected Jurkat cells were used to 
set the GFP+ gate. (F) Representative flow cytometer plots for anti-CD3/CD28 Ab titration. Latently infected Jurkat cells were 
activated with five different concentrations of anti-CD3/CD28 Ab or DMSO for 24 hours. The frequency of GFP+ T cells was 
quantified using flow cytometry; the gating strategy in E was used to detect GFP+ cells. (G) Bar plots showing the percentage of 
GFP+ cells (fold change to DMSO) after exposure to the indicated concentration of stimuli. (H) Bar graphs showing the GFP 
MFI fold change to DMSO. (I) Bar graphs showing the % CD69+ cells after anti-CD3/CD28 treatment. Bar plots show average 
values ± SD, n =6. (J) Viability was measured by flow cytometry using a blue live/dead stain. (K) Summary of latent viral reacti-
vation in Jurkat cells; bar graphs show Log2 fold changes in the percentage of GFP+ cells over DMSO (negative control) for the 
specified concentration of each LRA. Schematic in (A) was created with BioRender.com.

https://doi.org/10.1371/journal.ppat.1012524.g001

https://doi.org/10.1371/journal.ppat.1012524.g001
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Fig 2.  AUY922 represses HIV-1 reactivation in latently infected Jurkat cells. Latently infected Jurkat cells were stimulated with (A) anti-CD3/CD28 Abs [1μg/
ml/2μg/ml], (B) PMA [0.9ng/ml], (C) PHA [0.27μg/ml], (D) ionomycin [1 μg/ml], (E) TNF-α [1.5 ng/ml], (F) FOXO-1 inh [200 nM], (G) TLR7 agonist [5μg 
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were responding to treatment. This uneven response was reported before in latently infected 
cells and is presumably related to the stochastic nature of transcription and the chromatin 
landscape surrounding the provirus [56,57]. In the future, this can be tested by using J-Lat 
clones in which the response to AUY922 may be correlated to the specific proviral integration 
site. No loss of cell viability was detected in cells treated with the LRAs and AUY922, except in 
samples treated with the TLR8 agonist and AUY922 at 100nM (S3 Fig).

To confirm that these effects were indeed dependent on Hsp90 inhibition, we employed the 
benzoquinone ansamycin 17-allylamino-17-demethoxygeldanamycin (17-AAG or tanespi-
mycin), a well-characterised Hsp90 inhibitor that binds to the ATPase pocket of Hsp90 but 
has a different chemical structure from AUY922 (Fig 3A and 3B) [54,58]. The experimen-
tal design with 17-AAG was the same as with AUY22. A fixed concentration of LRAs was 
added to the cells for 24–48 hours then cells were analysed by flow cytometry to measure the 
percentage of GFP+ cells, GFP MFI, CD69 and cell viability. 17-AAG antagonised the viral 
reactivation induced by TCR stimulation (Fig 3C), PMA (Fig 3D), PHA (Fig 3E), ionomycin 
(Fig 3F), TNF-α (Fig 3G) and the TLR7 and TLR8 agonists (Fig 3I and 3J) with no loss of cell 
viability (S4 Fig). However, 17-AAG did not significantly abrogate the reactivation induced by 
the FOXO-1 inhibitor (Fig 3H). Taken together, the results demonstrate that Hsp90 broadly 
regulates HIV-1 reactivation, including that one triggered by TLR7 and TLR8 activation and 
inhibition of FOXO-1, which has not been reported before.

AUY922 inhibits the NF-kB, NFAT and AP-1 signal transduction 
pathways, and this phenotype is recapitulated by targeting TAK1
The broad activity of AUY922 supported the notion that Hsp90 regulates multiple signalling 
cascades important for HIV-1 reactivation. Stimulation of CD4+ T cells by anti-CD3/CD28 
antibodies induces the NF-kB, NFAT and the AP-1 (c-Jun and c-Fos) signal transduction 
pathways. The TCR activates PLCγ1 (an Hsp90 client protein) and generates DAG and IP₃ 
through the hydrolysis of PIP(4,5)P₂. DAG activates protein kinase C (PKC), also activated 
by PMA, triggering a signalling cascade that eventually activates NF-kB and AP-1, while IP₃ 
increases intracellular Ca²⁺ levels, which activate calcineurin. Calcineurin dephosphorylates 
NFAT, enabling its nuclear translocation [59,60] (Fig 4A). NF-kB, AP-1 and NFAT are key 
regulators of HIV-1 gene expression [19]. The NF-kB and AP-1 signalling pathways share 
a key upstream regulator called transforming growth factor-β–activated kinase 1 (TAK1) 
[59,61–66] (Fig 4A). TAK1 is a Hsp90 client protein [67,68] and has also been reported to 
bind to the accessory HIV1 protein Vpr, which appears to enhance TAK1 activity [69].

We therefore asked if TAK1 contributes to HIV-1 reactivation through Hsp90. When 
Hsp90 is inhibited, there is a loss of total TAK1, which is degraded [67,68]. Hence, we have 
examined total TAK1 by Western blot in our latent Jurkat cells before and after stimulation 
with anti-CD3/CD28 Abs, with or without AUY922. Our results showed that TCR stimulation 
increases total TAK1, which was reduced in the presence of AUY922, in agreement with the 
earlier reports (Fig 4B) [67,68]. Next, we stimulated the latent Jurkat cells with a fixed con-
centration of PMA for 24 hours in the presence of 5Z-7-Oxozeaenol (5Z), a selective inhib-
itor that blocks the ATPase activity of TAK1 [70]. Cells were analysed by flow cytometry to 
measure the percentage of GFP+ cells, GFP MFI, CD69, CD25 and cell viability. Treatment 

ml] (H) TLR8 agonist [5μg/ml], or DMSO to induce HIV-1 reactivation. At the time of stimulation, cells were also treated with the indicated concentrations of 
AUY922 for 24h and analysed by flow cytometry. In (A-H), bar plots in the left panels show the average percentage ± SD (n=6) of GFP+ cells, middle panels show 
the average GFP MFI ± SD (n=6), and right panels show the average percentage ± SD (n=3) of CD69+ cells. Statistical significance was calculated using one-way 
ANOVA with Dunnett’s correction. *=p≤0.05; **=p≤0.01; ***=p≤0.001;****=p<0.0001.

https://doi.org/10.1371/journal.ppat.1012524.g002

https://doi.org/10.1371/journal.ppat.1012524.g002
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Fig 3.  Inhibition of HIV-1 reactivation by 17-AAG in latently infected Jurkat cells. (A) Chemical structure of 17-AAG (PubChem ID: 
6505803). (B) Chemical structure of AUY922 (PubChem ID:135539077). (C-F) Latently infected Jurkat cells were stimulated with (C) anti-CD3/
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with PMA triggered viral reactivation, which was repressed by 5Z in a dose dependent way, 
both in terms of percentage of GFP+ cells and GFP MFI (Fig 4C and 4D). Surface expression 
of activation markers CD69 and CD25 was also significantly inhibited by 5Z (Fig 4E and 4F) 
in the absence of detectable cell toxicity (Fig 4G). Similar results were obtained following TCR 
stimulation of the latently infected cells (Fig 4H–4L). Hence 5Z appeared to mimic the effect 
of AUY922 on HIV-1 reactivation.

We sought to test the effect of AUY922 and 5Z on the individual transcription factors 
NF-kB, AP-1 and NFAT. To this end, we took advantage of the triple parameter reporter 
(TPR) indicator cells [71], a Jurkat cell line in which the response elements for NF-κB, NFAT 
and AP-1 drive the expression of the fluorescent proteins eCFP, eGFP and mCherry, respec-
tively, to simultaneously detect by flow cytometry the activation of these transcription factors 
after stimulation [71]. TPR cells were stimulated as before with a fixed concentration of PMA 
in the presence of AUY922 and analysed by flow cytometry after 24 hours. As expected, PMA 
triggered robust activation of NF-kB and AP-1, and a more modest activation of NFAT, 
and AUY922 reduced this effect in a dose dependent way (Fig 5A and 5B). Stimulation with 
ionomycin alone did not trigger activation of the transcription factors (S5A and S5B Fig) but 
the combination of PMA + ionomycin enhanced the activation of NFAT and AP-1 above 
PMA alone, although NF-kB remained unaffected and AUY922 counteracted this effect in a 
dose-dependent way (Fig 5C and 5D). These results confirmed that Hsp90 is critical for the 
activation of several key transcription factors involved in HIV-1 latency. Of note, the inhib-
itory effect of AUY922 appeared to be weaker for NFAT relative to NF-kB and AP-1 and to 
reach a plateau between 25 and 50 nM, suggesting that activation of the NF-kB, AP-1 and 
NFAT signal transduction pathways does not rely exclusively on Hsp90, which may explain 
the lack of cell toxicity at the tested concentrations. Our TPR cells lacked the endogenous 
TCR (α-chain), hence, to test the effect of TCR stimulation, we employed a TPR derivative in 
which the α-chain was lentivirally-transduced. In these cells, stimulation with anti-CD3/CD28 
antibodies triggered activation of NF-kB and AP-1 and this effect was reduced by AUY922, 
whereas the drug did not abrogate the induction of NFAT (S6A and S6B Fig).

We repeated these experiments in the presence of the TAK1 inhibitor 5Z, and the results 
showed a dose-dependent repression of NF-kB and AP-1 following stimulation with PMA 
(Fig 5E and 5F). NFAT was less sensitive to 5Z (Fig 5F), which mimicked the observations 
with AUY922 (Fig 5B). Stimulation of the cells with PMA + ionomycin enhanced NFAT 
activity well above PMA alone, and a significant proportion of the signal was reduced by 5Z 
in a dose-dependent way (Fig 5G and 5H). 5Z also reduced the activation of NF-kB, AP-1 and 
NFAT triggered by TCR stimulation (S6C and S6D Fig). The mechanism by which 5Z reduces 
NFAT activation in the TPR cells remains unclear, as TAK1 is not directly linked to the NFAT 
signalling pathway. However, there is evidence for a crosstalk between TAK1 and the 
calcineurin-NFAT pathway through its interaction with RCAN1 (Regulator of Calcineurin 1), 
a key modulator of this pathway [72]. Taken together, these results indicate that pharmacolog-
ical inhibition of Hsp90 and TAK1 have a similar effect on HIV-1 reactivation, supporting the 
idea that TAK1 is a Hsp90 chaperone that may contribute to HIV-1 reactivation. However, we 
cannot exclude that 5Z mimicked AUY922 by a different mechanism.

CD28 Abs, (D) PMA, (E) PHA, (F) Ionomycin, (G) TNF-α, (H) FOXO-1 inhibitor, (I) TLR7 agonist or (J) TLR8 agonist or DMSO for 24 hours 
to induce HIV-1 reactivation. At the time of stimulation, cells were also treated with the indicated concentrations of 17-AAG for 24h and ana-
lysed by flow cytometry. In (C-F), left panels show the average percentage ± SD (n=3) of GFP+ cells, middle panels show the average GFP MFI 
± SD (n=3) and right panels show the average percentage ± SD (n=3) of CD69+ cells. In (G-J) the left panels show the average percentage ± SD 
(n=3) of GFP+ cells and the right panels show the average GFP MFI ± SD (n=3). Statistical significance was calculated using one-way ANOVA 
with Dunnett’s correction. *=p≤0.05; **=p≤0.01; ***=p≤0.001; ****=p<0.0001.

https://doi.org/10.1371/journal.ppat.1012524.g003

https://doi.org/10.1371/journal.ppat.1012524.g003
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Fig 4.  The TAK1 inhibitor 5Z mimics the effects of AUY922. (A) Schematic description of the TCR signal transduction pathways and the factors that 
are targeted by the LRAs (grey hexagon) or that are known Hsp90 client proteins (red circles). (B) Western blot to detect total TAK1 in latently infected 
Jurkat cells. Each lane was loaded with an equal number (1x106) of lysed cells. (C-F) Latently infected Jurkat cells were stimulated with PMA [0.9ng/ml] 
for 24 hours in the presence of the indicated concentrations of TAK1 inhibitor 5Z and analysed by flow cytometry. (C) Bar graphs show the average 
percentage ± SD of GFP+ cells, (D) average GFP MFI ± SD, (E) average percentage ± SD of CD69+ cells, (F) average percentage ± SD of CD25+ cells 
and (G) cell viability. (H-K) Latently infected Jurkat cells were stimulated with anti-CD3/CD28 Abs [1μg/ml/2μg/ml] in the presence of the indicated 
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Short-term inhibition of Hsp90 does not affect the phenotype of stimulated 
primary CD4+ T cells
For clinical applications, agents that suppress HIV-1 reactivation should minimally affect 
the phenotype and function of the host CD4+ T cells. We therefore investigated if inhibiting 
Hsp90 changed the phenotype and differentiation of primary CD4+ T cells after stimulation. 
To this end, CD4+ T cells were isolated by magnetic sorting from peripheral blood mono-
nuclear cells (PBMCs) of healthy volunteers and incubated for 72 hours with IL-2 only (No 
stim), or anti-CD3/CD28 antibodies plus IL-2 to induce TCR stimulation, or anti-CD3/CD28 
antibodies plus IL-2 and 25 nM AUY922, which was added 48 hours after stimulation. Cells 
were then analysed by spectral flow cytometry using a 18-colour antibody panel (S3 Table) 
[73–79] designed to detect four main CD4+ T cell subsets: naïve (CD3+CD4+, CD45RA+, 
CCR7+), T central memory (Tcm) (CD3+CD4+, CD45RA-, CCR7+, CD45RO+), T effec-
tor memory (Tem) (CD3+CD4+, CD45RA-, CCR7-, CD45RO+), T effector (CD3+CD4+, 
CD45RA+, CCR7-), and subsets Th17 (CD194+, CD196+), Th1 (CD194- and CD183+), and 
Th2 (CD194+, CD196-). The activation state of the cells was examined using activation mark-
ers CD25, CD69, HLA-DR and CD38 and inhibitory markers PD-1, TIGIT, and Tim-3 (S3 
Table) [73,80–83]. To precisely gate the correct population, Fluorescence Minus One (FMO) 
gating was performed for each of the antibodies on stimulated cells with no AUY922 (S7A 
Fig). The gating strategy is described in (S7B Fig). The parameters set for this FMO staining 
were subsequently used to gate the samples.

The flow cytometry high dimensional data were analysed by automated t-distributed 
stochastic neighbour embedding (tSNE) [84]. The tSNE plots showed no appreciable changes 
in the main cell populations, including samples treated with the Hsp90 inhibitor (Figs 6A 
and S8). Notably, we detected a population of CD45RA+ CCR7+ “naïve” cells despite TCR 
stimulation, which indicates that treatment with anti-CD3/CD28 antibodies did not uni-
formly activate all the cells. Expression of the activation markers CD69 and CD25 was higher 
in stimulated cells and AUY922 reduced CD69 levels in 2 out of 4 donors. No changes were 
observed for the late stimulation markers HLA-DR and CD38 but treatment with anti-CD3/
CD28 Abs upregulated TIGIT and downregulated Tim-3, which then remained unaffected by 
AUY922 (Figs 6A, 6B and S8). We then quantified the flow cytometry results and performed 
statistical analysis, which confirmed that AUY922 treatment did not significantly change the 
activation state of the CD4+ T cells or the subtypes frequency, although we noted a trend for 
fewer CD25+ cells (Fig 6B).

Inhibition of Hsp90 suppresses HIV-1 reactivation without affecting the 
differentiation phenotype of primary CD4+ T cells
These results indicated that inhibition of Hsp90 by AUY922 at 25nM did not appreciably alter 
the overall phenotype of uninfected and stimulated CD4+ T cells (Fig 6). Next, we examined 
the selectivity of AUY922 in a primary model of HIV-1 latency. To this end, CD4+ T cells 
were isolated from PBMCs of 5 healthy donors, which were stimulated in vitro by treatment 
with anti-CD3/CD28 antibodies in the presence of IL-2 for 3 days, after which cells were 
infected with the single cycle NL4.3Δ6-drGFP virus. Two days later, an aliquot of the cells was 

concentrations of 5Z for 24 hours and analysed by flow cytometry. (H) Bar graphs showing average percentage ± SD of GFP+ cells, (I) average GFP 
MFI ± SD, (J) average percentage ± SD of CD69+ cells, (K) average percentage ± SD of CD25+ cells and (L) cell viability. N = 6. Statistical significance 
was calculated using one-way ANOVA with Dunnett’s correction. *=p≤0.05; **=p≤0.01; ***=p≤0.001; ****=p<0.0001. Schematic in (A) was created 
with BioRender.com.

https://doi.org/10.1371/journal.ppat.1012524.g004

https://doi.org/10.1371/journal.ppat.1012524.g004
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Fig 5.  AUY922 and 5Z suppress NF-kB, AP-1 and NFAT. (A) TPR cells were stimulated with PMA [125 ng/ml] in the presence of the indicated concentrations of 
AUY922. MFI was measured by flow cytometry to detect activation of NF-kB (left panel), NFAT (middle panel) and AP-1 (right panel). (B) Graph showing average 
MFI values ± SD (on a Log2 scale) for each factor, (n= 6). (C) TPR cells were stimulated with PMA [125 ng/ml] + ionomycin [4 μg/ml] in the presence of the 
indicated concentrations of AUY922 and analysed by flow cytometry as in (A). (D) Graph showing average MFI values ± SD (on a Log2 scale) for each factor. (E) 
TPR cells were stimulated with PMA [125 ng/ml] in the presence of the indicated concentrations of 5Z and analysed by flow cytometry as in (A). (F) Graph showing 
average MFI values ± SD (on a Log2 scale) for each factor. (G) TPR cells were stimulated with PMA [125 ng/ml] + ionomycin [4 μg/ml] in the presence of the indi-
cated concentrations of 5Z and analysed by flow cytometry as in (A). (H) Graph showing average MFI values ± SD, n = 6 (on a Log2 scale) for each factor.

https://doi.org/10.1371/journal.ppat.1012524.g005

analysed by flow cytometry to measure the percentage of GFP+ cells and GFP MFI. Infected 
cells were maintained in culture with IL-2 for up to 11 days and regularly monitored by flow 
cytometry to assess the establishment of latency (Fig 7A and 7B). HIV-1 latency manifests as 

https://doi.org/10.1371/journal.ppat.1012524.g005
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Fig 6.  The effect of AUY922 treatment on different CD4 + T cell populations. Primary CD4+ T cells were treated with IL-2 only (No stim) or with 
anti-CD3/CD28 Abs and IL-2 for 72 hours, and AUY922 [25 nM] or DMSO was added at 48 hours post-stimulation. Cells were analysed by spectral flow 
cytometry using a panel of 18 antibodies 24 hours after the addition of AUY922. (A) Representative tSNE plot for one donor is shown. (B-C) Results 
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reduction of viral gene expression, best captured in our model by measuring GFP MFI, and 
also as a complete loss of viral gene expression in individual cells, best captured by measur-
ing the percentage of GFP+ cells. We therefore used both measurements and a combination 
thereof to assess latency and reactivation in the primary model. In the latency phase, there was 
a progressive loss of viral gene expression, which was more marked when measured as GFP 
MFI than percentage of GFP+ cells (Fig 7C). Surface expression of CD69+ and CD25+ was 
also measured to monitor the T cell activation, which showed that infected cells returned to 
a more resting state over time, except for donor 5 (Fig 7D). In parallel, we measured proviral 
DNA copy number by Alu-LTR qPCR [85] at day 5 and between day 9 and day 11 and found 
little or no loss of proviral DNA, confirming that genuine latency was established in the pri-
mary CD4+ T cell model (Fig 7E).

To induce viral reactivation, cells were exposed to anti-CD3/CD28 antibodies, IL-7/IL-15 
or the FOXO-1 inhibitor in the presence of absence of AUY922 (25 or 50nM) or DMSO for 
48 hours. Treated cells were analysed by spectral flow cytometry as described in S7 Fig to 
measure the percentage of GFP+ cells and its MFI both in the general population and in each 
CD4+ T cell sub-type. In CD45RA- CD45RO+ memory cells, anti-CD3/CD28 antibodies trig-
gered significant reactivation, as measured by the GFP MFI, which was inhibited by AUY922 
in a dose-dependent way (Fig 8A and 8B). TCR stimulation did not appear to appreciably 
increase the percentage of GFP+ cells, nonetheless when both the GFP MFI and the percent-
age of GFP+ cells were combined, TCR stimulation was found to be effective, and this effect 
was partially abrogated by AUY922 at 50nM (Fig 8B). We then assessed HIV-1 reactivation 
and the effect of AUY922 in the other CD4+ T cell subsets. Within specific CD4+ T cell 
populations, CD45RA+ CCR7+ “naïve” cells showed the greatest susceptibility to AUY922, 
followed by CD45RA- CCR7+ central memory cells [86] (Figs 8C and S9A and S9B), although 
the latter trend did not reach statistical significance.

Cells treated with IL-7 and IL-15 did not show appreciable reactivation above IL-2 only 
(No stim.), however inhibition of Hsp90 significantly reduced viral gene expression below 
the baseline (unstimulated cells) in CD45RA- CD45RO+ memory cells and this effect was 
significant for GFP MFI, percentage of GFP+ cells and the combination of GFP MFI and % 
GFP+ cells (Fig 8D and 8E). Within specific CD4+ T cell subsets, the greatest susceptibility 
to AUY922 was detected in CD45RA+ CCR7+ cells, followed by CD45RA- CCR7+ cells, 
and CD45RA- CCR7- effector memory cells (Figs 8F and S9C). Treatment with the FOXO-1 
inhibitor failed to induce viral reactivation but inhibition of Hsp90 significantly reduced viral 
reactivation below the baseline of unstimulated CD45RA- CD45RO+ cells (Fig 8G and 8H). 
In the FOXO-1 inhibitor-treated cells, we detected the strongest response to AUY922 in the 
CD45RA- CCR7+ and CD45RA+ CCR7- populations, followed by the CD45RA+ CCR7+ 
population (Figs 8I and S9D).

It is not clear why IL-7 + IL-15 and the FOXO-1 inhibitor did not trigger appreciable 
viral reactivation however we note that the conditions of the experiments on Jurkat cells and 
on primary CD4+ T cells were different, mainly because the primary cells had been pre-
stimulated with anti-CD3/CD28 antibodies to make them permissive to HIV-1 infection 10 
days before re-stimulation, which might have affected their response to the LRAs themselves. 
The presence of IL-2 at all stages was essential for cell survival in our experimental condi-
tions and so we were unable to control for its effects. However, we found that treatment with 

from four donors are shown. Cell subsets were identified according to the combination of surface markers shown in S4 Table and the gating strategy 
shown in S7 Fig. Statistical significance was calculated using two-tailed paired t-Test: *=p≤0.05; **=p≤0.01; ***=p≤0.001; ****=p<0.0001.

https://doi.org/10.1371/journal.ppat.1012524.g006

https://doi.org/10.1371/journal.ppat.1012524.g006
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Fig 7.  Generation of the ex-vivo latency infected primary CD4 + T cells. (A) Schematic depiction of the experimental set-up to generate 
latently infected cells ex-vivo. Cells were infected at day 3 post-stimulation with a VSV-G pseudotyped, single cycle HIV-1 reporter virus 
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AUY922 did not reduce baseline HIV-1 gene expression in the presence of IL-2 alone (S10 
Fig). Thus, background activity of IL-2 might have partially masked the reactivating effect of 
IL-7/IL-15 and the FOXO-1 inhibitor, but the effect of AUY922 appeared to depend on the 
addition of these LRAs. Furthermore, the threshold for the response to LRAs might be differ-
ent between Jurkat and primary cells. Nonetheless, the results confirmed that targeting Hsp90 
reduced TCR-induced reactivation and inhibited baseline viral gene expression in latently 
infected cells even in the presence of IL-7 and IL-15 or the FOXO-1 inhibitor.

We also examined if inhibition of Hsp90 at levels sufficient to reduce viral gene expression 
affected the activation phenotype of CD4+ T cells. In cells stimulated twice by anti-CD3/CD28 
antibodies, we found a significant upregulation of activation markers CD69, CD25, CD38 and 
CD71 (the transferrin receptor) [87] with simultaneous upregulation of inhibitory markers 
PD-1, TIGIT and Tim-3 (the latter showed a trend but did not reach statistical significance), 
which suggested a degree of exhaustion after two rounds of stimulation in a relatively short 
time interval [81] (Fig 9A). Treatment with AUY922 did not appreciably affect expression of 
these markers, except for a reduction in TIGIT surface expression (Fig 9A). We also found a 
significant reduction in the proportion of markers of Th1 cells against a significant increase 
in the proportion of markers of Th2 cells but treatment with AUY922 did not change this (Fig 
9A). Treatment with IL-7/IL-15 significantly upregulated HLA-DR and CD71, confirming 
activity of the cytokines, and AUY922 significantly reduced expression of CD71 (Fig 9B). 
The FOXO-1 inhibitor significantly upregulated CD25, downregulated CD69 and showed a 
trend for CD71 upregulation (Fig 9C). These results indicated that IL-7/IL-15 had biological 
activity on the CD4+ T cells, even if they did not appear to stimulate HIV-1 reactivation above 
IL-2 alone. Therefore, in our experimental conditions, inhibition of Hsp90 did reduce HIV-1 
gene expression without any apparent significant effect on the differentiation and phenotypic 
markers of CD4+ T cells.

Lastly, we investigated if treatment with AUY922 affected cytokines production from 
activated CD4+ T cells. To this end, we collected the supernatant from the cell cultures of the 
same 5 donors described in Fig 8B. Supernatants were collected 48h post-restimulation with 
anti-CD3/CD28 Abs to measure the concentration of 5 cytokines that define specific subsets 
of effector CD4+ T cells: IFNγand TNF-α (Th1), IL-4 and IL-10 (Th2) and IL-17A (Th17) 
[88]. TCR stimulation significantly increased production of all tested cytokines, however 
AUY922 significantly but modestly inhibited only IL-4 and IL-10 production (S11 Fig). There 
was a downward trend for the other cytokines in the AUY922-treated samples compared to 
untreated, but it did not reach statistical significance. These results confirmed that inhibition 
of Hsp90 did not broadly perturb CD4+ T cell function, although it might modestly reduce 
production of Th2 and Th1 cytokines.

Discussion
HIV-1 latency is regulated at multiple levels, which include the epigenetic features of chroma-
tin at the proviral integration site, the availability of specific host cell factors that activate viral 
transcription, the post-translational regulation of such host factors and the intactness of the 

(pNL4-3-Δ6-drEGFP). (B) Representative flow cytometry plots showing the gating strategy used to detect the GFP+ cells in the CD45RA- 
CD45RO+ memory population. Cells were analysed by flow cytometry for GFP expression at regular intervals. (C) Bar graphs showing the 
percentage of GFP+ cells (left panel), the GFP MFI (middle panel), and combined % GFP x MFI (right panel) measured for each donor on the 
indicated days. (D) Bar graphs showing the percentage of CD25+ cells (left panel), CD69+ cells (middle panel), and double CD25+CD69+ cells 
(right panel) for each donor measured by flow cytometry on the indicated days. (E) DNA was extracted from the CD4+ T cells on the indicated 
days and used to quantify integrated proviral DNA copies by Alu-LTR qPCR. Schematic in (A) was created with BioRender.com.

https://doi.org/10.1371/journal.ppat.1012524.g007

https://doi.org/10.1371/journal.ppat.1012524.g007


PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012524  April 1, 2025 18 / 34

PLOS Pathogens Hsp90 broadly regulates HIV-1 latency

Fig 8.  Effect of AUY922 on HIV-1 reactivation induced by different stimuli in primary CD4 + T cell subsets. Latently infected primary CD4+ 
T cells were generated ex vivo, as described in Fig 7A. Cells were re-stimulated on day 9 or 11 with the indicated LRA with or without AUY922 



PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012524  April 1, 2025 19 / 34

PLOS Pathogens Hsp90 broadly regulates HIV-1 latency

provirus itself [18,19]. The mechanisms that influence HIV-1 latency, or its reactivation, are 
intimately linked to the activation and differentiation of the infected CD4+ T cells [19]. There-
fore, strategies to either enhance HIV-1 reactivation from latency or induce a deeper state of 
latency need to address two problems: the multi-factorial nature of latency and simultaneously 
interfering as little as possible with the function and differentiation of the infected cells.

Here, we have confirmed that inhibiting Hsp90 antagonises HIV-1 reactivation triggered 
by LRAs such as TCR, PMA, PHA and TNF-α[13,89] and showed, for the first time to our 
knowledge, that Hsp90 is also required for HIV-1 reactivation induced by TLR7 and TLR8 
stimulation and FOXO-1 inhibition. No significant loss of cell viability was detected in our 
experimental conditions and similar results were obtained using AUY922 or 17-AAG, two 
structurally different Hsp90 inhibitors that bind to the same ATPase pocket in the N-terminal 
region of the chaperone, supporting the specificity of the effect. AUY922 was chosen for our 
experiments because it is a well-characterized drug that has been used in phase II and III 
clinical trials [90].

The repressive effect of AUY922 was broad and extended to many pathways that are 
physiologically involved in HIV-1 reactivation [91,92]. This can be explained by the numer-
ous client proteins that depend on Hsp90 for correct folding and assembly, which are also key 
components of the signalling pathways critical for virus reactivation [93]. We and others have 
previously shown that Hsp90 is part of the IKK complex and promotes its activity, and that it 
stabilizes P-TEFb [13,30]. Here, we have extended these observations and shown that Hsp90 
is critical for activation of the NF-kB, and AP-1 signal transduction pathways and to a lesser 
extent the NFAT pathway, supporting the notion that the chaperone controls multiple key 
events in viral reactivation. Notably, we found that AUY922 reduced total TAK1 in stimu-
lated cells and that the TAK1 antagonist 5Z phenocopied the effect of AUY922 in latently 
infected cells, suggesting that at least part of AUY922 anti-reactivation effect may be mediated 
by TAK1. However, we cannot exclude that 5Z exerted its effects by inhibiting additional 
unknown targets.

Hence short-term inhibition of Hsp90 appears to address, albeit not fully, the first problem 
related to the multifactorial nature of HIV-1 latency, and in this respect Hsp90 may be consid-
ered a master regulator. But does inhibition of Hsp90 addresses the second problem related to 
the effect of latency potentiating agents on the physiology of the infected CD4+ T cells?

To answer this, we have initially examined the effect of AUY922 on the phenotypic profile 
of uninfected CD4+ T cells. A well-established method to study the profile of T cells and their 
differentiation is multiparameter flow cytometry, which measures the combinatorial expres-
sion of chemokine receptors and other differentiation markers on the cell surface [73]. Surface 
expression of these markers is tightly regulated at the transcriptional and post-transcriptional 
levels and reflects the overall physiological state of the cell [94,95]. We applied a carefully 

[25 nM or 50 nM] or DMSO. Cells were analysed by spectral flow cytometry using the same antibody panel used in Fig 6, in addition to GFP. (A) 
Representative flow plots showing the GFP MFI before (No stim-IL-2) and after re-stimulation with anti-CD3/CD28 antibodies with or without 
AUY922 [25 or 50 nM]. (B) Graphs showing the results for 5 donors: GFP MFI (left panel), percentage of GFP+ cells (middle panel), and com-
bined % GFP x MFI in the CD45RA- CD45RO+ population. (C) Results from five donors are shown for the GFP MFI (right panel), percentage 
of GFP+ cells (middle panel) and combined % GFP x MFI (right panel) in each CD4+ T cell subset. Bar plots show 1st quartile, 3rd quartile and 
median for five donors. (D) Representative flow cytometry plots showing the GFP MFI before (No stim-IL-2) and after re-stimulation with IL-7 
+ IL-15 [20 ng/mL each] with or without AUY922. (E) Graphs showing the results for 5 donors: GFP MFI (left panel), percentage of GFP+ cells 
(middle panel), and combined % GFP x MFI in the CD45RA-CD45RO+ population. (F) Same as described in (C). (G) Representative flow plots 
showing the GFP MFI before (No stim-IL-2) and after re-stimulation with the FOXO-1 inh [200 nM] with or without AUY922. (H) Graphs 
showing the results for 5 donors: GFP MFI (left panel), percentage of GFP+ cells (middle panel), and combined % GFP x MFI in the CD45R-
CD45RO+ population. (I) Same as described in (C). Statistical significance was calculated using a two-tailed paired t-Test comparing anti-
CD3CD28 versus no stim-IL-2, and anti-CD3CD28 versus 50 nM AUY922, *=p≤0.05; **=p≤0.01; ***=p≤0.001; ****=p<0.0001.

https://doi.org/10.1371/journal.ppat.1012524.g008

https://doi.org/10.1371/journal.ppat.1012524.g008
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Fig 9.  AUY922 does not significantly change the CD4 + T cell phenotype or activation state. Latently infected primary 
CD4+ T cells were re-stimulated on day 9 or 11 with the indicated LRA with or without AUY922 [25 nM or 50 nM] or 
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selected panel of 18 markers that, when suitably combined, define several subsets of CD4+ 
T cells, including naïve, effector, central memory, effector memory and subtypes Th1, Th2 
and Th17. We have also employed surface markers of activation, whose expression changed 
depending on the applied LRA in agreement with its known physiological effect. The results of 
these experiments revealed no significant change in any of the cell phenotypes, suggesting that 
the degree of Hsp90 inhibition applied to inhibit HIV-1 reactivation was well tolerated.

Next, we assessed the impact of AUY922 on infected CD4+ T cells. We generated ex-vivo 
primary latently infected cells, which required a first round of T-cell stimulation to make cells 
permissive to HIV-1 infection, passaging the cells to allow them to return to a more quiescent 
state and establish viral latency, and a second round of stimulation to trigger viral reactivation 
in the presence of AUY922. We were able to establish viral latency in this model, although 
there was donor-to-donor variability in the magnitude of reactivation. AUY922 antagonized 
viral reactivation and reduced the level of viral gene expression as measured by the GFP MFI, 
although it did not seem to fully block it, which would have resulted in a lower percentage 
of GFP+ cells. This differed from Jurkat cells, in which AUY922 reduced both GFP MFI and 
percentage of GFP+ cells, suggesting greater potency of the drug. This discrepancy between 
primary CD4+ T cells and Jurkat cells may be due to the well-known heightened sensitivity of 
cancer cells to Hsp90 inhibitors [96,97]. The heightened sensitivity of cancer cells to AUY922 
and other Hsp90 inhibitors has been linked to the greater dependency of cancer cells on the 
chaperone due to higher protein synthesis and metabolism, and possibly to a conformation of 
Hsp90 that seems better targeted by drugs in cancer cells, but this latter possibility is contro-
versial [96].

The combination of IL-7 and IL-15 did not reactivate HIV-1 in our primary model or 
in Jurkat cells. IL-7 renders resting CD4+ T cells more permissive to HIV-1 infection [98] 
through the Jak/STAT5 pathway [99] and by partially activating the cells [100]. IL-7 has also 
been reported to activate latent HIV-1 ex-vivo in human CD4+ T cells from humanized mice 
[101], and in cells from patients at the same concentrations we tested, however this effect was 
reported to be variable from donor to donor, proviral-strain specific and was seen after several 
days of exposure to the cytokine [41,102]. Furthermore, significant IL-7 induced reactivation 
is not universally observed [103,104]. We detected upregulation of HLA-DR, as previously 
described [102], and CD71 upon treatment with IL-7/IL15, but we did not detect viral reac-
tivation. We surmise that the difference with some earlier studies may be due to the shorter 
duration of treatment in our experiments relative to other studies [41,102]. It is also possible 
that IL-2, by partly stimulating HIV-1 gene expression, masked the activating effect of IL-7/
IL-15. Notably, AUY922 suppressed viral gene expression below the baseline even in the pres-
ence of IL-7/IL-15, confirming its activity on the HIV-1 promoter [13].

Treatment of the cells with the FOXO-1 inhibitor upregulated surface expression of CD71, 
in agreement with previous reports [52] but induced weak reactivation in two out of five 
donors. This result contrasted with the reproducible reactivation that we and others found 
in Jurkat cells [51,52] and we speculate that this difference in the response is due to the short 

DMSO. Cells were analysed by spectral flow cytometry using the same antibody panel used in Fig 6 with the addition of 
CD71. (A) panels show, in this order from left to right, top to bottom: T cell activation markers, inhibitory markers, CD4 
T cell subsets, effector subsets and memory subsets after re-stimulation with anti-CD3 [1 µg/ml] and anti-CD28 [2 µg/
ml] antibodies plus AUY922 [25 or 50 nM] or DMSO. (B) Same measurements for cells re-stimulated with IL-7/IL-15 
[20ng/mL]. (C) Same measurements for cells restimulated with FOXO-1 inh. [200nM]. Results were obtained from five 
different donors. Statistical significance was calculated using a two-tailed paired t-Test comparing, within each cell sub-
type, anti-CD3CD28 versus no stim (IL-2), anti-CD3CD28 versus 50 nM AUY922, *=p≤0.05; **=p≤0.01; ***=p≤0.001; 
****=p<0.0001.

https://doi.org/10.1371/journal.ppat.1012524.g009

https://doi.org/10.1371/journal.ppat.1012524.g009
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time of exposure to the FOXO-1 inhibitor. Regrettably, our primary latency model did not 
allow to extend the duration of the experiment beyond 12–13 days because of a notable drop 
in cell viability after that time point. Nonetheless, even in the presence of the FOXO-1 inhibi-
tor, AUY922 reduced viral reactivation below the baseline of untreated cells.

Different cell subsets showed different responses to the LRAs and AUY922. Overall, the 
strongest viral reactivation after TCR stimulation and the greatest susceptibility to AUY922 
was detected in CD45RA+ CCR7+ cells, which is largely made of naïve cells but can also 
contain a small proportion of T memory stem cells (Tscm) [105] followed by CD45RA- 
CCR7+ central memory cells, and CD45RA- CCR7- effector memory cells, which agrees with 
a previous study [47]. Certain CD4+ T cell subsets have been shown to be more susceptible to 
specific LRAs but the reasons for this behaviour are not clear [106–109]. Our results extend 
these observations to include CD4+ T cell subtype-specific responses to Hsp90 inhibition and 
it will be interesting to investigate the mechanistic reason for this phenotype and how differ-
ent LRAs and Hsp90 intersect in the different CD4+ T cell subtypes.

Notably, treatment with AUY922 did not significantly change the proportion of each CD4+ 
T cell subtype in the population and had a modest effect on Th2 and Th1 cytokine production, 
which demonstrated that inhibiting Hsp90 does reduce HIV-1 reactivation without dramati-
cally altering CD4+ T cell differentiation or activation state, at least in the experimental condi-
tions tested. The weak inhibition of Th1 cytokine production may be advantageous in PLWH, 
who often have heightened general inflammation. We note that TCR stimulation enhanced 
surface expression of activation and exhaustion markers and reduced the relative proportion 
of the markers for Th1 cells, indicating that our readout was able to detect phenotypic changes 
in the samples. Considering that Hsp90 participates in a wide variety of cellular pathways, 
these results may seem surprising. Selectivity is usually a function of the drug concentration 
and time of exposure, which in our case was limited to 48 hours. It is possible that a longer 
incubation time in the presence of the drug may affect the phenotype of CD4+ T cells, and it 
should be possible to evaluate this aspect in patients who are being treated with AUY922 or 
other Hsp90 inhibitors in clinical trials [110].

Hsp90 inhibitors are being evaluated in clinical trials for the treatment of both solid and 
haematological malignancies, at concentrations that are significantly higher than those that 
are sufficient to repress HIV-1 gene expression [90]. Although so far Hsp90 inhibitors have 
not shown good efficacy above baseline for the treatment of solid cancers [110,111], their 
pharmacological and toxicity profiles are well-known. It would therefore be conceivable to 
assess Hsp90 inhibitors in the context of analytical treatment interruption (ATI) studies to 
test if virological rebound is delayed with the view of using the inhibitors in conjunction with 
other eradication strategies, especially if the long-lasting repression of virological rebound 
reported in humanized mice are reproduced in patients [28]. Of note, 17-AAG was recently 
shown to significantly reduce HIV-1 reactivation in latently infected patients’ cells [112]. An 
interesting question to address in future studies will be whether inhibition of Hsp90 syner-
gises with the tat inhibitor dCA [24,25] or with AhR agonists [21] to stably repress HIV-1 
reactivation.

Lastly, Hsp90 is required for the replication of many RNA and DNA viruses [113], includ-
ing early gene expression of human cytomegalovirus (HCMV) [114] and it could therefore be 
a broad antiviral target for the treatment of co-infections, often seen in PLWH [115].

Our study has some limitations. The Jurkat and primary cell models of latency may not 
fully recapitulate the complexity of the in vivo latent reservoir and the viral construct used 
does not express accessory proteins Vpr and Vpu, which may have a role in latency and viral 
gene expression [116,117]. Although we observed clear trends in the primary cell model, not 
every result reached statistical significance due to donor-to-donor variability in the degree 
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of viral reactivation and this issue will need to be carefully considered in future pre-clinical 
studies.

Materials and methods

Ethics statement
Blood samples were obtained from healthy volunteers after written informed consent, or from 
the National Health Service Blood and Transplant (NHS-BT) according to the approved pro-
tocol of the University College London Research Ethics Committee reference REC 3138/001 
and NHS-BT reference R140.

Chemical compounds
NVP-AUY922 was purchased from LKT Laboratories; 17-allylamino-17-
demethoxygeldanamycin (17-AAG or tanespimycin) from Merck Life Science UK Ltd. 
Phorbol 12-myristate 13-acetate (PMA), 5Z-7-Oxozeaenol (5Z) were obtained from Cayman 
Chemical; TNF-α was purchased from Life Technologies Limited. Imiquimod (TLR7 ago-
nist) was purchased from Alfa Aesar, CL075 (TLR8 agonist) from Sigma-Aldrich (MREK). 
FOXO-1 inh (AS1842856) was purchased from MedChemExpress LLC, Phytohemagglutinin 
(PHA) and Ionomycin were obtained from Thermo Fisher Scientific. Compounds were dis-
solved in DMSO to obtain 1000x stock solutions (v/v) and stored in aliquots at −20 °C in the 
dark. Purified anti-human CD3 antibody (OKT) and anti-human CD28 antibody (CD28.2) 
were purchased from Biolegend; Recombinant human IL-7, rhIL-2, IL-6 and IL-15 were 
obtained from Peprotech. The concentrations used are shown in S2 Table for each compound.

Cells and tissue culture
The Jurkat cell line E6-1 was obtained from the American Type Culture Collection (ATCC) 
and cultured in RPMI media (Gibco) supplemented with 10% fetal bovine serum, 100 U/
mL penicillin/streptomycin, and maintained at 37°C in a 5% CO₂ incubator. 293T cells were 
obtained from the ATCC and maintained in DMEM media (Gibco) supplemented with 10% 
fetal bovine serum, 100 U/mL penicillin/streptomycin. Peripheral blood mononuclear cells 
(PBMCs) were isolated by Ficoll-Paque PLUS density gradient centrifugation. Human CD4+ 
T lymphocytes were isolated from PBMCs using the MojoSort Human CD4+ T Cell Isolation 
Kit (BioLegend, 480010) following the manufacturer’s instructions. Isolated CD4+ T cells 
were cultured in X-VIVO 15 Serum-free Hematopoietic Cell Medium (Lonza), supplemented 
with 5% fetal bovine serum (FBS; Labtech) and 100 U/mL penicillin/streptomycin. Triple 
parameter reporter (TPR) Jurkat-derived cells were kindly provided by Prof. Peter Steinberger 
(Medical University of Vienna) and cultured in RPMI as above.

Virus production
The single-cycle HIV-1 vector (Δenv) was produced by transfection of 293T cells using 
FuGENE Transfection Reagent as previously described [22,45]. The transfection mixture 
included the following plasmids: pNL4–3-Δ6-drEGFP, pCMV-VSV-G envelope, and pCMV-
Gag/Pol packaging vectors. Supernatants containing the virus were collected 48 and 72 hours 
post-transfection, filtered through a 0.45 µm filter, and concentrated by ultracentrifugation 
at 25,000 rpm for 2 hours at 4°C through a 25% sucrose cushion [118]. The viral pellet was 
resuspended in RPMI medium and stored at -80°C. The virus stock titer was determined by 
infecting Jurkat cells with serial dilutions of viral-containing supernatants and detection of 
GFP expression by flow cytometry two days after cell transduction.
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Generation of latently infected Jurkat cells
Jurkat cells were infected with NL4.3Δ6-drGFP viral stock at an MOI of 0.2. Forty-eight 
hours post-infection, GFP+ (infected) cells were sorted using BD FACSAria II and the GFP+ 
population was maintained in culture and regularly monitored by flow cytometry for GFP 
expression until latent infection was established (2–3 weeks). For stimulation of latently 
infected Jurkat cells, 1 × 10⁵ cells were treated with the indicated concentrations of LRAs (S2 
Table) for 24 hours, except for the FOXO-1 inhibitor, which was added for 48 hours. Cells 
were then analysed by flow cytometry to measure the percentage of GFP+ cells and the GFP 
MFI. AUY922,17-AAG and 5Z-7-Oxozeaenol (TAK1 inhibitor) were dissolved in DMSO and 
used at serial dilutions as indicated in the Figures. To assess the toxicity of the inhibitors, cells 
were stained with LIVE/DEAD Fixable blue dead cell stain (Thermo Fisher scientific) before 
analysis. For all Jurkat cells experiments, fluorescence was measured on a BD LSR Fortessa 
and analysed using the FlowJo software 10.8.1.

Infection of primary CD4+ T cells and generation of latently infected cells
CD4+ T cells were activated by anti-CD3/CD28 monoclonal antibodies. Tissue culture 
plates were precoated with anti-CD3 (OKT) Ab at 1 µg/mL then cells were added to the plate 
together with soluble anti-CD28 Ab (CD28.2) at 2 µg/mL and 100 U/mL IL-2 in X-VIVO 
media supplemented with 5% FBS and 100 U/mL penicillin/streptomycin. On day 3, the 
activated CD4+ T cells were infected with the NL4.3Δ6-drGFP virus at an MOI of 2 in the 
presence of 4 µg/mL polybrene and 100 U/mL IL-2. The cells were incubated overnight on a 
shaker in the incubator. After removing them from the shaker, the cells were incubated for 
an additional 24 hours. An aliquot of the cells was then stained with CD3, CD4, CD45RA, 
CD45RO, CD25, and CD69 and analysed by flow cytometry to assess infection by measur-
ing GFP+ cells within the CD45RO+ population. The cells were subsequently monitored for 
latency establishment by measuring GFP+ cells every other day. Once latency was established, 
the cells were reactivated using different LRAs. To reactivate latently infected CD4+ T cells, 
1 × 10⁵ cells were cultured in 96-well plates in 100µL media and treated with different LRAs, 
including anti-CD3/CD28 (1 µg/mL/2 µg/mL), IL-7 + IL-15 (20 ng/mL of each), AS1842856 
(200 nM), TLR7 agonist (5 μg/mL), and TLR8 agonist (5 μg/mL). Cells were treated with each 
LRA in the presence of either DMSO, AUY922 25 nM or 50 nM and incubated for 48 hours 
before staining and analysis by flow cytometry. Additionally, the supernatant of these cells was 
collected for cytokine analysis.

Cell surface staining for flow cytometry
For surface marker staining, the appropriate human-specific mAbs were chosen (Table 1). 
For Jurkat cells and TPR cells, fluorescence was measured using a BD LSR Fortessa BD FACS 
Diva9 software, while for infected CD4+ T cells, fluorescence was measured using a Cytek 
Aurora. Data were analysed using FlowJo version 10.8.1. The gating strategy used to identify 
T cells subsets is shown in S4 Fig. For cell staining, the antibodies were prepared by diluting 
them 1:100 in FACS buffer. The diluted antibodies were then added to the cells and incubated 
for 30 minutes at 4°C in the dark. Following incubation, the cells were washed twice with PBS, 
resuspended in 200 µL of FACS buffer combined with 200 µL of 4% paraformaldehyde (PFA), 
and subsequently analyzed by flow cytometry.

Quantification of HIV-1 integration
To quantify the integration of HIV-1 in CD4+ T cells, nested Alu-LTR quantitative PCR was 
performed as previously described [114]. Briefly, DNA was isolated from infected CD4+ T 



PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012524  April 1, 2025 25 / 34

PLOS Pathogens Hsp90 broadly regulates HIV-1 latency

cells 48 hours post-infection, 10 days post-infection, and from a negative sample (uninfected) 
using the Qiagen Blood Mini Kit. Integrated DNA was pre-amplified using 50 nM Alu forward 
primer, 150 nM HIV-1 LTR reverse primer, 25 μL PCR Master Mix (2X) (ThermoFisher), and 
200 ng DNA in 50 μL reactions. Cycling conditions were: 95°C for 8 min x 1 cycle, followed 
by 18 cycles of 95°C for 1 min, 52°C for 1 min, and 72°C for 3 min. A second round real-time 
TaqMan quantitative PCR was performed using the pre-amplified DNA. These samples 
were run alongside a standard curve of known dilutions of infected Jurkat cells containing 
integrated HIV-1 DNA. Reactions contained 0.5 μM Alu forward primer, 0.5 μM Alu-LTR2 
reverse primer, 0.15 μM probe, 10 μL 2x TaqMan Gene Expression Master Mix, and 2 μL of 
1:20 diluted pre-amplified DNA. Cycling conditions were: 50°C for 2 min, 95°C for 15 min x 
1 cycle, followed by 45 cycles of 95°C for 15 s, and 60°C for 1 min. Reactions were performed 
using a QuantStudio real-time PCR system. Below is the list of primers used:

ALU-FW: AAC TAG GGA ACC CAC TGC TTA AG

LTR1-RV: TGC TGG GAT TAC AGG CGT GAG

LTR2-RV: TGC TAG AGA TTT TCC ACA CTG ACT

ALU- Probe: FAM—TAG TGT GTG CCC GTC TGT TGT GTG AC—TAMRA

qPCR for proviral quantification.  Total DNA from 1.5 × 106 infected WT or N74D 
Jurkat cells was extracted at each week after sorting using DNeasy blood & tissue kit 
(Qiagen). DNA concentration and purity were measured by Nonodrop and each DNA 
sample was normalized to 100ng/μl. The real-time qPCR reaction was performed using 
a Real-Time PCR machine (Applied Biosystems) in a final volume of 20 μl containing 1x 
Power-Up SYBR green master mix (Applied Biosystems), 200ng of DNA in 2 μl and 0.2 μM 
of each primer: forward GFP primer AAGCTGACCCTGAAGTTCATCTGC and reverse 

Table 1.  Markers, fluorochromes and antibodies for flow cytometry.

Fluorochrome Specificity (Marker) Supplier (catalogue number)
BV510 TIGIT BD (747842)
BV711 Tim-3 BD (747959)
BV786 CD197(CCR7) BD (566758)
BV421 CD196(CCR6) BD (562515)
BV605 CD71 BD (745096)
APC/fire 810 CD25 BioLegend (356150)
APC CD69 Biolegend (310910)
Alexa fluor 700 CD 127 BioLegend (351344)
APC/Cyanine 7 CD4+5RO BioLegend (304228)
BUV805 HLA-DR BD (748338)
UV (450) live dead blue Live/Dead ThermoFisher (L34961)
BUV 395 CD4+5RA BD (740315)
BUV737 CD183 BD (741866)
Spark NIR 685 CD38 BioLegend (303552)
PE-Dazzle PD-1 BioLegend (367434)
PE cy7 CD4+ Biolegend (317414)
PE/fire 810 CD194(CCR4) BioLegend (359433)
PE CTLA4(CD152) BioLegend (369604)
GFP GFP reporter
Percp cy5.5 CD3 Biolegend (317336)

https://doi.org/10.1371/journal.ppat.1012524.t001

https://doi.org/10.1371/journal.ppat.1012524.t001
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GFP primer CTTGTAGTTGCCGTGGTCCTTGAA. Cycling parameters were 950C for 
2 min followed by 950C for 1 min, 550C for 1 min and 680C for 1 min repeated for 40 cycles. 
Quantification was done using a standard curve that was generated by serial dilutions of the 
Δ6-drEGFP plasmid.

Western blot
Latently infected Jurkat cells were treated with the anti-CD3/CD28 Abs alone or in the pres-
ence of AUY922 for 24h. 1x106 cells were collected and washed with cold PBS then incubated 
with 1X RIPA buffer and a protease inhibitor cocktail for 30 minutes on ice. Samples were 
centrifuged for 20 minutes at 4 °C ≥8000 x g and the cell lysate was stored at -20 °C. Cell lysate 
were diluted in 6X SDS buffer and 12 μl of cell lysate was loaded onto a Mini-PROTEAN TGX 
Stain-Free Precast gel (4–20%) (Bio-Rad). Samples were run for 1 hour at 120V, the proteins 
were transferred to a 0.2 μm Nitrocellulose membrane (Bio-Rad) at 25V, 2.5A, for 7 minutes 
using Trans-Blot Turbo system. The membrane was blocked for 2 hours with 5% skim milk in 
TBST (150 mM NaCl, 20 mM Tris base, 0.1% Tween 20), and incubated overnight at 4°C with 
the primary antibodies against TAK1, or alpha-actin diluted in 1% skim milk in TBST. The 
next day, the membrane was washed with TBST 3 times for 10 mins each before incubation 
with the HRP-conjugated secondary antibody for 1 hour at room temperature. The mem-
brane was washed in TBST 3 times for 10 mins each time and the signal was detected using 
Chemiluminescence (ECL, Thermo Scientific) following the manufacturer’s instructions. 
Images were collected by ChemiDoc Imaging system (Bio-Rad) and analyzed by the Image 
Lab program.

Cytokine analysis
Supernatants from CD4+ T cells isolated from five different donors were collected on the day 
of cells analysis. These supernatants were then analysed for IFN-γ, IL-4, IL-17A, IL-10, and 
TNF-α levels using the LEGENDplex Human Essential Immune Response Panel Mix and 
Match (Cat #740932, BioLegend) following the manufacturer’s protocol. The measurements 
were taken using a BD LSRFortessa flow cytometer, and the data were analysed with the LEG-
ENDplex Data Analysis Software.

Statistical analysis
Means ± SE or SD, n, and the statistical test used are shown in the Figure legends. Statistical 
analyses were conducted using GraphPad Prism software. The levels of statistical significance 
are indicated as follows: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p < 0.0001.

Supporting information
S1 Fig.  Optimisation of LRAs to reactivate HIV-1 in latently infected Jurkat cells. Latently 
infected Jurkat cells were activated for 24 hours (48 hours for the FOXO-1 inhibitor) with five 
different concentrations of (A) PMA, (B) PHA, (C) Ionomycin, (D) TLR7 or TLR8 agonists 
and (E) the FOXO-1 inhibitor. The cells were then analysed by flow cytometry to measure, 
from left to right, the percentage of GFP+ cells, GFP MFI, the percentage of CD69+ cells 
and cell viability using the same gating strategy shown in Fig 1E. Bar graphs show the aver-
age values ± SD (n = 6 for GFP) and (n = 3 for viability, CD69). Significance was calculated 
using a one-way ANOVA with Dunnett’s correction. *=p≤0.05; **=p≤0.01; ***=p≤0.001; 
****=p<0.0001.
(TIF)

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012524.s001
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S2 Fig.  Optimisation of cytokines to reactivate HIV-1 in latently infected Jurkat cells. 
(A) Latently infected Jurkat cells were activated for 24 hours with different concentrations of 
TNF-α and analysed by flow cytometry to measure, from left to right, the percentage of GFP+ 
cells, GFP MFI, the percentage of CD69+ cells and cell viability using the same gating strategy 
shown in Fig 1E, n=6 for GFP and n = 3 for viability and CD69. (B) latently infected cells were 
stimulated with different concentrations of IL-2, IL-6, IL-7+IL-15, IL-7 alone or IL-15 alone 
and analysed by flow cytometry to measure the percentage of GFP+ cells and (C) the GFP 
MFI. Bar graphs show the average values ± SD, n = 3. (D) Cell viability was analysed by flow 
cytometry using forward vs. side-scatter profiles. (E) Jurkat cells and primary CD4+ T cells 
were stained for CD127, the IL-7 receptor. A representative flow cytometry plot shows the 
percentage of CD127+ cells in CD4+ T cells.
(TIF)

S3 Fig.  AUY922 represses HIV-1 reactivation in latently infected Jurkat cells with no 
detectable loss of cell viability. Latently infected Jurkat cells were treated with a fixed con-
centration of LRAs alone or with different concentrations of AUY922 for 24 hours, except for 
FOXO-1, which was incubated for 48 hours. Cells were then stained with live or dead blue 
stain and analysed by flow cytometry to assess cell viability.
(TIF)

S4 Fig.  17AAG represses HIV-1 reactivation in latently infected Jurkat cells with no 
detectable loss of cell viability. Latently Jurkat cells were treated with a fixed concentration of 
LRAs (anti-CD3/CD28 Abs or PMA in panel A; PHA, ionomycin, TNF-α, FOXO-1 inhibitor, 
TLR7 or 8 agonists in panel B) alone or with different concentrations of 17AAG for 24 hours, 
except for FOXO-1, which was incubated for 48 hours. Cells were then stained with live or 
dead blue stain and analysed by flow cytometry to assess cell toxicity.
(TIF)

S5 Fig.  TPR cells activation by ionomycin. TPR cells were stimulated with different concen-
trations of ionomycin as indicated. (A) MFI was measured by flow cytometry to detect activa-
tion of NF-kB (left panel), NFAT (middle panel) and AP-1 (right panel). (B) Graph showing 
average MFI values ± SD for each transcription factor, (n= 3).
(TIF)

S6 Fig.  TPR cells activation with anti-CD3/CD28 antibodies. (A) TPR cells expressing 
a reconstituted TCR were stimulated with anti CD3 [1μg/ml]/ anti CD28 [2μg/ml] anti-
bodies in the presence of the indicated concentrations of AUY922. MFI was measured by 
flow cytometry to detect activation of NF-kB (left panel), NFAT (middle panel) and AP-1 
(right panel). (B) Graph showing average MFI values ± SD for each transcription factor 
(n= 3). (C) The same TPR cells were stimulated with anti CD3 [1μg/ml]/ anti CD28 [2μg/
ml] antibodies in the presence of the indicated concentrations of 5Z. MFI was measured 
by flow cytometry to detect activation of NF-kB (left panel), NFAT (middle panel) and 
AP-1 (right panel). (D) Graph showing average MFI values ± SD for each transcription 
factor (n= 3).
(TIF)

S7 Fig.  Gating strategy and FMO. (A) Primary CD4+ T cells were analysed by spectral flow 
cytometry and positive gates were established by staining with the 18-antibody panel minus 
one (fluorescence minus one or FMO). (B) Representative flow cytometry plots and gating 
strategy of T cell subsets from one donor gated from live CD3+CD4+ cells.
(TIF)

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012524.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012524.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012524.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012524.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012524.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012524.s007
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S8 Fig.  The effect of AUY922 treatment on different CD4+ T cell populations. CD4+ T 
cells were isolated from PBMCs and treated with IL-2 only (No stim) or anti-CD3/CD28 Abs 
+ IL-2 for 72 hours, and AUY922 [25 nM] or DMSO added 48 hours post stimulation. Cells 
were analysed by flow cytometry 24 hours after the addition of AUY922. tSNE data of the T 
subsets, activation, and inhibitory markers were generated by FlowJo. A) tSNE plot for donor 
2. B) tSNE plot for donor 3. C) tSNE plot for donor 4.
(TIF)

S9 Fig.  Gating strategy for GFP+ cells in T cell subsets. A) Representative flow cytometry 
plots of Live/dead gating. (B-D) Representative flow cytometry plots of GFP+ cells in T cell 
subsets from one donor gated from live CD3+CD4+ cells after stimulation with anti-CD3/
CD28 antibodies (B), IL7/IL15 (C), or FOXO-1 inhibitor (D).
(TIF)

S10 Fig.  Effect of AUY922 on latently infected primary CD4+ T cells treated with IL-2 
only. Latently infected primary CD4+ T cells were generated ex vivo as described in Fig 
7A. On day 9 or 11, cells were treated with AUY922 [25 nM or 50 nM] or DMSO in the 
presence of IL-2. Graphs showing the results for 2 donors: GFP MFI (left panel), percent-
age of GFP+ cells (middle panel), and combined % GFP x MFI in the CD45RA- CD45RO+ 
population.
(TIF)

S11 Fig.  The effect of AUY92 on cytokines production. Supernatant from latently infected 
primary CD4+ T cells, which were re-stimulated with anti-CD3/CD28 Abs in the presence 
or absence of DMSO, AUY922 (25 nM), or AUY922 (50 nM) was collected 48 hours after 
re-stimulation and used to measure different cytokines concentration. (A) IFN-γ, (B) IL-4, (C) 
IL-17A, (D) IL-10, and (E) TNF-α. Data are presented as mean ± standard error of the mean 
(SEM) n=5. Concentrations are shown in pg/ml. Statistical significance was determined using 
a Paired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. Pairwise comparisons 
were: No stim-IL-2 and anti-CD3/CD28; anti-CD3/CD28 and AUY922 25nM; anti-CD3/
CD28 and AUY922 50 nM.
(TIF)

S1 Table.  LRAs used to reactivate HIV-1 in latently infected Jurkat cells. 
(XLSX)

S2 Table.  Concentrations of LRAs used to reactivate latent HIV-1 in Jurkat T cells. 
(XLSX)

S3 Table.  T cell markers used for flow cytometry. 
(XLSX)

S4 Table.  Markers used to identify T cell subsets, activation and inhibition. 
(XLSX)
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