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Impact of IL‑15 and latency 
reversing agent combinations 
in the reactivation and NK 
cell‑mediated suppression 
of the HIV reservoir
Daniela Angela Covino, Maria Giovanna Desimio & Margherita Doria*

Inhibitors of histone deacetylases (HDACis) are major latency reversing agent (LRA) candidates in 
‘shock and kill’ strategies to eradicate the HIV reservoir in infected patients. The poor achievements 
of initial HDACi‑based trials and subsequent studies have highlighted the need for more efficient 
approaches such as combinatory and immunostimulating therapies. Here we studied combinations of 
IL‑15 with pan‑HDACi (Vorinostat, Romidepsin, Panobinostat) or class I selective‑HDACi (Entinostat) 
with or without a PKC agonist (Prostratin) for their impact on in vitro reactivation and NK cell‑
mediated suppression of latent HIV. Results showed that pan‑HDACis but not Entinostat reduced NK 
cell viability and function; yet, combined IL‑15 reverted the negative effects of pan‑HDACis except 
for Panobinostat. All HDACis were ineffective at reactivating HIV in a  CD4+ T cell model of latency, 
with pan‑HDACis suppressing spontaneous and IL‑15‑ or Prostratin‑induced HIV release, while 
IL‑15 + Prostratin combination showed maximal activity. Moreover, Panobinostat impaired STAT5 
and NF‑κB activation by IL‑15 and Prostratin, respectively. Finally, by using effectors (NK) and targets 
(latently infected  CD4+ T cells) equally exposed to drug combinations, we found that IL‑15‑mediated 
suppression of HIV reactivation by NK cells was inhibited by Panobinostat. Our data raise concerns 
and encouragements for therapeutic application of IL‑15/LRA combinations.

The introduction of an effective antiretroviral therapy (ART) has represented a major advance in the treatment of 
HIV infection, but a final cure is missing. A critical obstacle to overcame is persistence in ART-treated patients 
of latently infected cells harboring replication competent virus, which are responsible for viral rebound observed 
upon treatment  interruption1. In the last decade a range of therapeutic strategies targeting the HIV reservoir has 
been developed. A foremost approach, called ‘shock and kill’, aims at reactivating latent HIV (shock) by using 
latency reversing agents (LRAs) to achieve viral reservoir elimination via immune responses and virus-mediated 
cytopathic effects (kill)2. Several classes of LRAs demonstrated HIV reactivation activity in vitro and ex vivo 
in  CD4+ T cells derived from ART-treated patients, including inhibitors of histone deacetylases (HDACis), 
PKC agonists (PKCas) such as Bryostatin (BRY), Prostratin (PRO), and Ingenol, and P-TEFb inducers like 
Disulfiram and hexamethylene bisacetamine (HMBA)3. Three HDACis (Vorinostat/VOR, Panobinostat/PAN, 
Romidepsin/ROM), BRY, and Disulfiram, have been already tested in clinical trials in ART-treated individuals, 
but none reported strong HIV reactivation and the viral reservoir size was basically  unaffected4–7. The failure 
to reduce the size of the HIV reservoir was associated not only to low virus reactivation, but also to insufficient 
clearance of cells that exit viral latency by the host immune responses. These earliest trials have prompted efforts 
to find LRAs with reduced toxicity and enhanced potency and specificity to be used in isolation or, eventually, 
in synergistic combinations.

Since initial attempts have focused on HDACis that act on a broad range of HDAC classes (pan-HDACis), 
more specific HDACis will likely enter in HIV cure strategies, with Entinostat (ENT) being a good candidate 
based on its selectivity for class I HDACs that promote HIV latency and large clinical application in cancer 
 patients8. Moreover, new classes of drugs with both immunomodulatory and LRA properties are being investi-
gated, which include Toll-Like Receptor agonists, immune check point inhibitors and cytokines such as IL-159,10. 
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In particular, the N-803 synthetic superagonist of IL-15 is under clinical investigation in ART-suppressed  HIV+ 
 patients11 and results of a phase 1 trial showed a modest reduction of the inducible virus in PBMCs associated 
with NK cell activation and  expansion12, hence larger clinical studies are needed to firmly establish the impact 
of N-803 on the HIV reservoir. Notably, studies in non-human primate models demonstrated that  CD8+ T cells 
suppress HIV transcription through a non-cytolytic activity that can blunt the latency reversal effect of N-803 
or, as shown in vitro in human cells, other LRAs, whereas NK cells apparently lack such pro-latency  activity13–15. 
This important evidence has renewed the focus on exploiting the killing capacity of NK cells to improve the 
efficacy of HIV cure  strategies16–18, also galvanized by recent advances in the understanding of NK biology and 
development of several NK cell-based  immunotherapies19. NK cells are important components of the innate 
immune system endowed with antigen-independent cytotoxicity against virus-infected cells and tumors, an 
activity orchestrated by the balance of opposite signals delivered by activating/inhibitory receptors upon engage-
ment of cognate ligands on target cells; NK cells also kill targets via antibody-dependent cellular cytotoxicity and 
promote adaptive immunity by releasing numerous cytokines and  chemokines20.

Since 2-drug combination strategies will likely be needed to achieve clearance of the HIV reservoir, one con-
cern consists in the possibility that the outcome of IL-15 or other immunomodulatory drug could be hampered 
by the opposite effect of a second LRA used in association. Indeed, work from various laboratories including ours 
has shown that LRAs, mostly pan-HDACis, decrease the viability of NK and/or T cells exposed in vitro, though 
some results were not consistent in all  studies21–26. Moreover, evidence has been provided that pan-HDACis and 
HMBA can interfere with NK cell cytotoxicity by down-regulating their activating  receptors22–29, particularly 
NKG2D that is crucial for the recognition and killing of tumors and virus-infected  cells30. Of note, the deleterious 
effect of ROM on NK cell cytotoxicity could be reversed through the association with PRO, a PKCa with NK-cell 
stimulating  properties27. However, this was not the case for HMBA that, by reducing expression of both NKG2D 
and its DAP10 adaptor, impaired NK cell cytotoxicity also in the presence of PRO or IL-1528. One additional 
aspect to be considered is that many LRAs can induce expression of both latent HIV and ligands for NK cell 
receptors that share common regulatory  mechanisms27,31,32, hence they have the potential to influence the type 
of interactions occurring between  HIV+ T cells and NK cells.

Overall, to achieve promising curative strategies for ART-treated patients, it is critical to find LRA combina-
tions that effectively reverse HIV latency while preserving, if not enhancing, the capacity of NK cells to clear the 
reactivated viral reservoir. In this study, we evaluated combinations of one HDACi, either unselective (VOR, 
ROM, PAN) or class I HDAC-selective (ENT), with PRO and/or IL-15 for their effects on the viability of NK 
and  CD4+ T cells, on the phenotype and cytotoxic activity of NK cells, and on HIV reactivation in a  CD4+ T 
cell-based experimental model of latency. At last, NK cell-mediated suppression of reactivated HIV was tested in 
co-cultures in which both effectors (NK) and targets (latently infected  CD4+ T cells) have been equally exposed 
to IL-15/LRAs combinations.

Results
IL‑15 and PRO can attenuate pan‑HDACi toxicity on NK and  CD4+ T cells. First, we measured 
by flow cytometry the viability of primary NK and  CD4+ T cells isolated from PBMCs of healthy donors and 
cultivated for 72  h in the presence of HDACis at three concentrations within the range used previously for 
ex vivo or in vitro reactivation and observed in plasma of treated patients (Fig. 1A,B)8,24,33–36. We found that NK 
cell viability was reduced in a dose-dependent manner by VOR and ROM and, particularly, by PAN (up to 75% 
reduction) in line with previous  work21–23,26,28,37, whereas ENT showed minimal toxicity at the highest concen-
tration (500 nM). On the other hand,  CD4+ T cell were not particularly affected by HDACis, though PAN had a 
slightly toxic effect at 20–30 nM concentrations. Then, we investigated whether the viability of NK and  CD4+ T 
cells exposed to HDACi with and without PRO could benefit from addition of IL-15 because of its well-known 
pleiotropic capacity to promote cell  survival11. In these experiments, HDACis were used at a single dose that was 
previously reported as clinically relevant (334 nM VOR, 10 nM ROM, 20 nM PAN, 100 nM ENT)7,33,38,39, while 
PRO and IL-15 were used at the lowest dose required for in vitro latent HIV reactivation (1 µM and 12.5 ng/
ml, respectively)40,41. Results with NK cells showed that PRO was not toxic when used alone and had a positive 
effect in pan-HDACi + PRO combinations, resulting in NK cell viability similar to control cultures (Fig. 1C). The 
addition of IL-15, which individually enhanced the percentage of live NK cells, improved viability of HDACi-
treated cells, though it was fully recovered only in VOR + IL-15 cultures, but did not further stimulate PRO and 
HDACi + PRO culture growth. Moreover, in  CD4+ T cells the slightly toxic effect of PAN was abrogated by IL-15 
addition.

Impact of IL‑15/LRA combinations on NK‑cell phenotype and function. Next, we assessed the 
impact of the same single and combined drug treatments of 72 h on the phenotype and function of NK cells. 
First, we measured the cell-surface expression of NK-cell activating receptors including NKG2D, DNAM1, 
NKp46, NKp44, NKp30, and CD16 (Fig.  2). As expected from previous  studies27,40, stimulation with IL-15 
resulted in up-regulation of all receptors with the exception of NKp46 (Fig. 2A), whereas activation with PRO 
induced up-regulation of NK2GD, NKp30, NKp44 and, simultaneously, down-regulation of CD16 via proteo-
lytic shedding (Fig. 2B–E). While treatment with pan-HDACis either significantly reduced expression of most 
receptors (PAN; Fig. 2D) or had only modest effects (VOR, ROM; Fig. 2B,C), exposure to ENT instead resulted 
in 2-folds up-regulation of NKG2D (Fig. 2E). The addition of IL-15 to any HDACi other than PAN generally 
up-modulated NK cell receptors as compared to the single HDACi treatment, although the expression level 
was never as high as with IL-15 alone apart from DNAM1 and CD16 in the ENT + IL-15 condition. The nega-
tive effects of PAN on all receptors excluding NKp44 were not restored by IL-15 supplement but were partially 
attenuated by adding PRO with or without IL-15. Analogously, we observed positive effects when PRO was 
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added to VOR, ROM or ENT, with an increase in the expression of NKG2D, NKp30 and NKp44 as compared to 
HDACi alone or CTR, but CD16 expression (down-modulated by PRO) was decreased. Overall, the stimulatory 
effects of PRO and IL-15 on NK cell activating receptors was largely maintained when used in association with 
any HDACi with the exception of the PAN + IL-15 combination in which the PAN-mediated downregulation 
of various receptors persisted. By combining IL-15 with PRO, NKp44 but not NKG2D and NKp30, was further 
up-modulated as compared with single treatments, whereas both NKp46 and CD16 were reduced in comparison 
with IL-15 or PRO alone as well as CTR. Finally, the addition of IL-15 had minor effects on receptor modulation 
in HDACi + PRO combinations, with the exception of NKp30 that was up-regulated to higher levels, comparable 
to those observed with IL-15 alone.

To assess their cytotoxic activity after 72 h of treatment, NK cells were challenged for 4 h with K562 cells, 
an erythroleukemia cell line that expresses ligands for several activating receptors (NKG2D, DNAM-1, NKp30, 
NKp44, NKp46) and is devoid of HLA-I ligands for inhibitory  receptors42, hence functioning as a highly suscepti-
ble target of NK cell cytotoxicity. Figure 3 shows that in most donors pan-HDACi but not ENT impaired cytotox-
icity as compared with CTR. In addition, treatment with PRO had no particular effect and, when combined with 
any HDACi other than ENT, a trend towards inhibition was observed. As expected, exposure to IL-15 boosted 
cytotoxicity of NK cells in all tested donors, a positive effect that was generally maintained in IL-15 + HDACi 
combinations with the exception of PAN + IL-15 by which NK-cell function was strongly impaired as in the single 
PAN condition. Combining IL-15 with PRO had a donor-to-donor variable effect but overall did not significantly 
change the IL-15-mediated increase of cytotoxicity. Finally, treatment with the triple HDACi + PRO + IL-15 

Figure 1.  Effect of IL-15/LRA combinations on NK and  CD4+ T cell viability. NK and  CD4+ T cells purified 
from PBMCs of healthy donors were cultivated for 72 h without stimuli or in the presence of single or combined 
LRAs, then cell viability was examined by LIVE/DEAD staining. Cell viability was examined after 72 h by 
LIVE/DEAD staining. (A) Percentage of live purified NK and  CD4+ T cells of representative unstimulated cell 
cultures from one donor. (B) NK and  CD4+ T cells were untreated (control, CTR) or stimulated with different 
doses of VOR (50, 334, 1000 nM), ROM (5, 10, 25 nM), PAN (5, 20, 30 nM) or ENT (50, 100, 500 nM). Bars 
represent mean ± SEM obtained from 4 independent donors. Statistics was performed using paired test versus 
unstimulated control. (C) NK and  CD4+ T cells were cultivated without stimuli (CTR), in the presence of 
334 nM VOR, 20 nM PAN, 10 nM ROM, 100 nM ENT, 1 µM PRO alone or in HDACi + PRO combinations, all 
condition including or not 12.5 ng/ml of IL-15. Bars represent mean ± SEM obtained from at least 4 independent 
donors. Statistics was performed using paired Wilcoxon or t-test for non-parametric and parametric 
distributions, respectively. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 2.  IL-15/LRA combinations variably affect NK-cell phenotype. Purified NK cells were cultivated for 
72 h with IL-15/LRA combinations as described in Fig. 1 prior analysis of cell-surface receptors. (A) Histograms 
show representative expression of NKG2D, DNAM-1, NKp30, NKp44, NKp46, and CD16 in NK cells exposed 
or not to IL-15; mean fluorescence intensity (MFI) values for untreated CTR cells (filled gray) and IL-15-treated 
cells (solid line) together with control IgG signal (dashed line) are reported. (B–E) Each panel represents a set 
of experiments performed with at least 5 independent donors for a given HDACi used alone or in combination 
with IL-15 and/or PRO (individual or combined VOR, ROM, PAN, and ENT are depicted in panels (B), (C), 
(D), and (E), respectively). Mean ± SEM MFI is shown. Statistics was performed using paired t-test versus 
unstimulated control. *p < 0.05; **p < 0.01; ***p < 0.001.
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combinations resulted in an enhancement of NK cell cytotoxicity comparable to the PRO + IL-15 conditions 
without HDACi.

Latent HIV reactivation induced by IL‑15 and/or PRO is inhibited by pan‑HDACis. Then, IL-15/
LRA combinations were tested for their capacity to revert latent HIV infection established in resting  CD4+ T 
lymphocytes of healthy donors according to a standard protocol (see Materials and Methods). In this experimen-
tal system, latent provirus activation by strong stimuli, such as PRO and PHA, can be detected after 3 days by 
analyzing in flow cytometry the appearance of cells expressing the viral p24 Gag capsid antigen (Supplementary 
Fig. S1); in order to quantitatively measure HIV reactivation also in suboptimal stimulatory conditions, latently 
infected T cells cultivated for 48 h in medium alone or supplemented with single and combined IL-15/LRAs or 
PHA (maximal stimulation) were collected, resuspended at 2 ×  106/ml in fresh medium with the same initial 
supplementation, and further cultivated for 5  days till when the amounts of newly produced HIV particles 
were measured in the culture supernatant by p24 ELISA. A total of 8 and 9 independent donors were tested in 
experiments performed with pan-HDACis (Fig. 4A) and ENT (Fig. 4B), respectively. Results showed that not 
only HDACis used individually were unable to induce latent HIV reactivation but also that ROM and PAN 
significantly reduced spontaneous viral reactivation measured in unstimulated cultures (17.54 ± 4 and 13.4 ± 4, 
respectively, vs 58 ± 13 p24 ng/ml, mean ± SEM). These data were confirmed over the range of HDACi concentra-
tions used in previous in vitro studies and shown in Fig. 1B (Supplementary Fig. S2). On the other hand, IL-15 
enhanced HIV reactivation over the basal spontaneous levels in all but one tested donor (from 1.25 to 13.6-
fold increase). The response to PRO stimulation was highly donor-dependent since we found no effect on HIV 
reactivation in 4 out of 17 donors as well as an increase in HIV release ranging from 1.4 to 35.8 folds in those 
individuals who responded. When IL-15 and PRO were administered together, HIV release was always above the 
level found in untreated cultures, reaching very high levels in 9 donors, similar or higher if compared to those 
achieved with PHA stimulation. In HDACi + IL-15 combinations, the stimulatory effect of IL-15 was abrogated 
when used in association with any pan-HDACi but only slightly reduced when combined with ENT, with HIV 
release being significantly higher in ENT + IL-15-treated as compared with unstimulated cultures (572.7 ± 95.5 
vs 150 ± 23.8 p24 ng/ml). Additionally, HIV reactivation by PRO and PRO + IL-15 was repeatedly inhibited when 
a pan-HDACi was also included, whereas it was maintained at similarly high levels if ENT was added.

PAN interferes with IL‑15 and PRO stimulation. While carrying out this study we found that pan-
HDACis, particularly PAN, can interfere with IL-15 capacity to stimulate cytotoxicity of NK cells and reactiva-
tion of latent HIV in  CD4+ T cells; in addition, pan-HDACis can inhibit the induction of HIV reactivation by 
PRO. To understand the molecular basis of these detrimental drug interactions, we cultivated purified NK and 
T cells for 18 h in serum-free medium with or without HDACi, then cells were stimulated or not for 15 min 
with IL-15 and/or PRO and analyzed by flow cytometry to measure nuclear accumulation of a major down-
stream effector molecule, namely phosphorylated STAT5 (pSTAT5) and NF-κB (pNF-κB) for IL-15 and PRO 
stimulation, respectively (Fig. 5A). IL-15 potently induced pSTAT5 and this effect was slightly reduced by VOR 
and ROM in NK and  CD4+ T cells, respectively, and significantly inhibited by PAN in both cell types, whereas 
addition of ENT or PRO had no effect in NK or  CD4+ T cells (Fig. 5B,C). Analogously, in  CD4+ T cells PRO effi-
ciently stimulated pNF-κB and the presence of PAN decreased this effect in 4 out of 6 donors analyzed, whereas 
the addition of other HDACi or IL-15 had no significant effect (Fig. 5C). As shown  previously40, the response of 
NK cells to PRO stimulation was highly donor-dependent, being detected only in 2 out of 5 donors, and inhi-
bition by any HDACi was evident only in the donor with a high percentage (48%) of PRO-induced pNF-κB+ 
cells (Fig. 5B). The same NK-cell response was observed also following PMA + Ionomycin stimulation (data not 

Figure 3.  Impact of IL-15/LRA combinations on NK-cell cytoxicity. NK cells cultivated for 72 h without stimuli 
or with IL-15, HDACi or PRO alone or in HDACi + PRO combinations with or without addition of IL-15, were 
tested for cytotoxicity against K562 cell targets. The percent of specific lysis was calculated in six independent 
donors for pan-HDACi (A) as well as for ENT (B) combinations (each symbol represents one individual donor). 
The bars represent mean ± SEM. Comparisons were performed using paired Wilcoxon test versus unstimulated 
control, IL-15 alone, and LRA without IL-15. *p < 0.05.
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shown), hence indicating an as yet inexplicable inter-individual variability in the pNF-κB activation pathway of 
NK cells.

In summary, PAN decreased IL-15-mediated STAT5 activation in both NK and  CD4+ T cells and, in most 
donors, also reduced NF-κB activation by PRO in  CD4+ T cells.

IL‑15‑mediated suppression of HIV reactivation by NK cells can be impaired by PAN. Our 
results indicated that IL-15 on one hand boosts NK cell cytotoxicity and, on the other hand, strongly induces 

Figure 4.  Effect of IL-15 addition to HDACi, PRO, and HDACi + PRO on reactivation of HIV in latently 
infected  CD4+ T cells. Latent HIV infection was established in resting  CD4+ T cells derived from healthy donors 
as described in Materials and Methods. Three days post-infection cells were collected and replaced in culture in 
the following conditions: medium alone or supplemented with IL-15, HDACi or PRO alone or in HDACi + PRO 
combinations with or without addition of IL-15, or PHA. After 48 h cells were washed and seeded at 2 ×  106/ml 
in the same initial conditions. Five days later, p24 released in the culture medium was analyzed by ELISA. Eight 
and nine different donors (each represented with one symbol) were tested for combinations of pan-HDACi (A) 
and ENT (B), respectively. Bars represent mean ± SEM. Comparisons were performed using paired Wilcoxon or 
t-test versus unstimulated control, IL-15 alone, LRA without IL-15, or PHA. *p < 0.05; **p < 0.01.
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HIV latency reversal in T cells especially when used in association with PRO, and that HDACi addition either 
have no effect (ENT) or inhibited (pan-HDACi) such IL-15 properties. Therefore, we tested whether these drug 
interactions may ultimately influence the capacity of NK cells to suppress the reactivation of latent HIV when 
both effectors and targets are simultaneously exposed IL-15/LRA combinations. To this end, after having estab-
lished latent HIV infection in primary  CD4+ T cells, we purified NK cells from aliquots of cryopreserved PBMCs 
of the same donors and separately cultured for 48  h both T and NK cells without stimuli, with IL-15 alone 
or combined with PRO, HDACi or PRO + HDACi; then, we collected all cells, plated latently infected T cells 
either with or without autologous NK cells pre-exposed to the same treatments at a 1:1 ratio, further stimulated 
the cultures with the same initial conditions and finally measured by p24 ELISA the amounts of HIV released 
in the medium after 5  days (the experimental procedure is depicted in Fig.  6A). Figure  6B shows raw data 
obtained in two sets of experiments including either pan-HDACi or ENT combinations, each one performed 
with 7 independent donors; the HIV-suppressive activity of NK cells was calculated as the percentage of reduced 
viral amount in cultures of T cells alone as compared to co-cultures with NK cells exposed to the same treat-
ments (Fig. 6C). In all tested donors, the capacity of NK to suppress HIV spontaneously released in unstimu-
lated cultures was modest (10 ± 3%) but strongly increased in IL-15-stimulated cultures (58 ± 7%). A similarly 
high viral suppression by NK cells was found in cultures exposed to IL-15 in association with PRO, HDACi or 

Figure 5.  Induction of pSTAT5 and pNF-κB+ in IL-15/LRA treated NK and  CD4+ T cells. Purified NK or  CD4+ 
T cells were cultivated overnight in serum-free medium without stimuli (CTR) or in the presence of VOR, 
PAN, ROM, or ENT. Then, cells were incubated at 37 °C for 15 min in fresh medium alone or containing 1 µM 
PRO and/or 12.5 ng/ml IL-15 and immediately fixed/permeabilized and analyzed for pSTAT5 and pNF-κB 
expression by FACS. (A) Dot plots show percentage of  pSTAT5+ and pNF-κB+ cells among NK and  CD4+ T cells 
in CTR, PRO, IL-15 or PRO + IL-15 conditions for a representative experiment. (B, C) Bars depict mean ± SEM 
percentages of  pSTAT5+ and NF-κB+ NK cells (B, n = 4–5) and T cells (C, n = 6). Each symbol represents one 
donor. Statistics was performed using paired t-test versus unstimulated control, IL-15 alone, and LRA without 
IL-15. *p < 0.05; **p < 0.01.
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PRO + HDACi, with the sole exception of PAN that significantly inhibited the anti-viral activity of NK cells when 
added to IL-15 or IL-15 + PRO (Fig. 6C).

Discussion
An ideal combination therapy to eradicate the HIV reservoir should be not only devoid of any toxic effects and 
efficacious at reversing viral latency, but also capable of promoting antiviral immune responses including those 
of NK cells. Towards this goal, here we investigated combinations of members of two major classes of LRA 
candidates, HDACi and PKCa, with IL-15. Actually, IL-15 and its derivatives have very promising application 

Figure 6.  NK-cell mediated suppression of HIV reactivation in IL-15/LRA-exposed NK/T co-cultures. (A) 
Schematic experimental model. PBMCs were isolated from peripheral blood of healthy donors and used to 
purify  CD4+ T cells then cultivated with 29 nM CCL19, whereas a part of cells was cryopreserved. After 72 h, 
 CD4+ T cells were infected with HIV and further cultivated for 72 h in the absence of stimuli. Then, latently 
infected  CD4+ T as well as NK cells purified from an aliquot of cryopreserved PBMCs of the same donors 
were cultivated separately in the absence of stimuli, with IL-15 (12.5 ng/ml) alone or with HDACi, PRO, or 
HDACi + PRO combinations. After 48 h cells were collected, washed, and  CD4+ T cells were placed back in 
culture either alone or together with autologous NK cells cultivated in the same conditions at 1:1 ratio, and 
initial stimuli were added again. After 5 days, p24 released in the culture medium was analyzed by ELISA. (B) 
Each symbol represents one donor in the presence or absence of NK cells in the indicated conditions (untreated, 
IL-15 alone or with HDACi, PRO or HDACi + PRO). (C) The NK-cell mediated killing was expressed as 
percentage of viral (p24/ml) suppression. Bars represent mean ± SEM values obtained in experiments with 14 
different donors (7 for pan-HDACi and for ENT combinations in right and left panels, respectively). *p < 0.05; 
**p < 0.01 by Wilcoxon test.
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because of their latency-reversing potential in vitro43 and, at least in the absence of  CD8+ T cells, in vivo14, coupled 
with the major biological role of IL-15 in the proliferation and survival of different lymphocytic lineages and, 
especially, its nonredundant role in NK-cell development, maintenance, and  function11.

First, we showed that pan-HDACis but not ENT affected NK cell viability, particularly PAN that also down-
regulated most NK cell activating receptors and reduced the cytotoxic activity of unstimulated NK cells towards 
tumor targets (K562), which is generally in agreement with previous  work22,24,27,37. The addition of IL-15, a 
physiologic activator of NK cells, largely reverted the negative effects of VOR and ROM but not those of PAN 
that actually abrogated the NK cell response to IL-15 stimulation. The addition of PRO, which activates NK cells 
in a non-specific manner without increasing significantly K562  killing22,40, could contrast the negative effect 
on NK cell viability of any pan-HDACi as well as receptor down-regulation by PAN. Furthermore, by adding 
simultaneously IL-15 and PRO we observed that IL-15-mediated stimulation of cytotoxicity was maintained in 
the presence of all HDACis including PAN. Therefore, PKC activation in NK cells may prevail over apoptotic 
pathways induced by pan-HDACis, as suggested  earlier27,44, and also allows NK cells to respond to IL-15 stimu-
lation even in the presence of these drugs. Also, our results confirmed that exposing NK cells to ENT preserved 
cell viability and increased NKG2D levels, although we did not observe any increment in cytotoxicity as reported 
in previous studies using the same drug concentration but tumor targets other than K562  cells29,45; we speculate 
that the stimulating effect of ENT on NK cell cytotoxicity might depend on the nature of cell targets, eventually 
unveiled against cancer cells expressing very high levels of NKG2D  ligands29,45.

When primary  CD4+ T cells were exposed to HDACis, either alone or in 2/3-drug combinations with PRO 
and IL-15, their viability did not significantly change compared to untreated controls. By using a primary  CD4+ 
T cell-based model of latency, we found that any tested HDACi was devoid of latency reversal activity whereas, 
as expected, IL-15 and PRO induced HIV reactivation in most donors. Moreover, our results showed that pan-
HDACis but not ENT hindered spontaneous viral reactivation as measured in non-stimulated T cell cultures 
(ROM and PAN, particularly) and inhibited HIV reactivation by IL-15 and PRO when these latter were also 
present either individually or together, with PAN showing the strongest antagonisms. Remarkably, we also found 
that the combination of IL-15 + PRO displayed an outstanding latency reversal activity, in most donors outper-
forming the effect of PHA that, so far, has been considered one of the maximal HIV inducers. The here observed 
inefficacy of HDACis at reactivating HIV is in agreement with various  studies46–49 but also in apparent contrast 
with other reports showing HDACi-induced latency  reversal8,35,50–52, though different results can be explained 
by differing study designs. Herein, we did not use T cell expanding, differentiating, or pro-survival procedures 
that might have contrasted pro-apoptotic effects of HDACis in previous studies. In addition, we evaluated the 
production of p24 HIV protein rather than accumulation of HIV transcripts because these latter may not be fully 
processed and competent for translation of viral proteins, as recently shown for both pan- and class I selective-
HDACis43,46, hence may not measure complete latency reversal. While HDACi + IL-15 combinations have not 
been previously examined, studies in which HDACi were combined with PKCas to reactivate latent HIV have 
produced conflicting results showing either co-operation/synergism47,53–55 or  antagonism8,49,51, which again might 
be related to differences in the experimental procedures.

Moreover, we provided evidence for the inhibitory potential of PAN by showing that this drug significantly 
reduced STAT5 activation by IL-15 in NK and  CD4+ T cells as well as PRO-induced activation of NF-κB in  CD4+ 
T cells. Both pSTAT5 and pNF-κB are key transactivators of genes that promote survival and activation of NK and 
T cells and also induce HIV  transcription41,56,57. The unique capacity of PAN among HDACis to interfere with 
signaling cascades triggered by IL-15 or PRO could be explained by its strong activity towards class II HDAC6 
that, conversely, is poorly affected by VOR or  ROM35 and spared by  ENT8. Indeed, STAT5 activation occurs via 
deacetylation of its HMGN2 co-factor by  HDAC658; besides, to activate NF-κB, PKCas targets the HSP90/IKK 
complex that is maintained through HDA6-mediated deacetylation of  HSP9059,60.

Finally, we demonstrated that the capacity of NK cells to suppress the release of HIV by autologous latently 
infected  CD4+ T cells was strongly boosted by IL-15 and that this stimulation was maintained if IL-15 was used 
in association with PRO, HDACi or PRO + HDACi, with the exclusion of PAN that significantly inhibited the 
anti-viral activity of IL-15-stimulated NK cells when added alone or together with PRO. These results confirmed 
the impact of IL-15/LRA combinations in the viability and function of NK cells with one exception: as opposed to 
the K562 killing assay, PAN inhibited IL-15-mediated suppression of reactivated HIV also in the presence of PRO, 
suggesting that the PKCa could not fully rescued some NK cell features impaired by PAN that are important for 
killing  HIV+ T cells. Interestingly, in NK cells treated with IL-15 + PAN + PRO, NKG2D and DNAM-1 were not 
up-modulated as with IL-15 alone and, in addition, expression of NKp46 was significantly reduced as compared 
to IL-15-stimulated or untreated cells (Fig. 2D). These results indicate that PAN interferes with the expression and 
function of receptors that are key for the capacity of activated NK cells to recognize and kill  HIV+ T cell targets, 
hence confirming the important role of NKG2D, DNAM-1, and NKp46 in NK-cell responses against  HIV61–65.

Triple combinations (HDACi + PKCa + IL-15) have been instrumental here to study drug interactions despite 
their clinical application is not under consideration. On the other hand, new trials combining HDACi with a 
distinct therapeutic product have been approved (VOR with Tamoxifen, HIV-specific T cells, or HIV vaccine 
and PAN with pegylated IFNα; NCT03382834, NCT03212989, NCT02336074, NCT02471430, respectively), and 
will likely continue to be developed. In this regard, our results raise concerns for the application of PAN in HIV 
cure strategies, even if combined with IL-15, because of its antagonistic effects in HIV latency reversal as well 
as in anti-viral NK cell function. Besides, combining IL-15 with VOR, ROM or ENT did not seem to confer any 
advantage in terms of HIV reactivation or NK cell-mediated suppression as compared with the sole IL-15 treat-
ment. Conversely, IL-15 + PRO represents a very promising combination therapy considering that the efficiency 
of HIV reactivation by IL-15 was potently boosted by PRO, likely trough the synergism of pSTAT5 and pNF-κB 
and, possibly, other simultaneously activated inducers of viral transcription.
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Using different experimental design, some previous works showed that NK cell-mediated killing of  p24+ T 
cells that exit from latently was not affected by pan-HDACis but stimulated by  PRO40. Additionally, Garrido et al. 
showed that prior stimulation with IL-15 enabled NK cells to effectively suppress HIV outgrowth when joined 
to latently infected T cell cultures pre-exposed to  VOR66. Here we added novel information by setting up a viral 
suppression assay in which effectors and target cells have been exposed to the same drugs for an equal period of 
time, thus reflecting the conditions that may occur in a clinical setting.

We realize that a limitation of this study consists in the absence of ex vivo tests, which was due to insufficient 
availability of cells from ART-treated patients. It is worth mentioning, though, that there is so far a broad cor-
respondence between in vitro and ex vivo latency studies for what regards responses to LRAs or IL-15.

Overall, the present study provides evidence that administration of PAN, even if combined with IL-15, is 
unlikely to be effective in both the ‘shock’ and ‘kill’ phases of an HIV eradication strategy. Moreover, we identi-
fied IL-15 + PRO as a novel successful combination therapy in terms of latent HIV reactivation and clearance by 
NK cells. Notably, novel PKCas with more tolerable levels of toxicities and improved LRAs capacity compared 
with PRO are continuously being  developed67,68 and offer great potential for optimizing IL-15-encompassing 
strategies towards the elimination of the viral reservoir in people infected with HIV.

Materials and methods
Cells, antibodies, and reagents. PBMCs were obtained by Ficoll separation of buffy coats from the donor 
bank of the Bambino Gesù Children’s Hospital. Use of buffy coat was approved by the Ethical committee of the 
Bambino Gesù Children’s Hospital and written informed consent from all participants was obtained, in accord-
ance with the Declaration of Helsinki. Primary NK and  CD4+ T cells were purified from PBMCs with 90–98% 
purity by negative selection with cell-type specific EasySepEnrichment Kit (Stem Cell Technologies) according 
to manufacturer’s protocol. Primary cells were maintained in complete RPMI 1640 medium supplemented with 
10% fetal bovine serum, 0.2 mM L-glutamine (all from Gibco/Thermo Fisher Scientific, MA, USA) and 100 
units/ml penicillin–streptomycin (Euroclone, Italy). The purity (~ 95%) of isolated NK  (CD3−CD56+CD16−/+) 
and  CD4+ T cells  (CD3+CD4+) was assessed by immunolabeling and FACS analysis.

For flow cytometry, isotype control IgG, (BD Pharmingen, CA, USA) and the following mouse monoclonal 
antibodies (mAbs) were used: CD3/AlexaFluor700 (UCHT1), CD56/PerCpCy5.5 (B159), CD16/BV510 (3G8), 
pNF-κB (S529)/Alexa Fluor 647 and pSTAT5 (Y694)/Alexa Fluor 488 from BD Pharmingen; NKG2D(CD314)/
BV785 (1D11), DNAM-1(CD226)/FITC (11A8), NKp30/APC , NKp44/PE (P44-8), NKp46/PE-Cy7 (9E2), from 
BioLegend (CA, USA); p24/FITC (KC57) from Beckman Coulter (CA, USA). Where indicated, cells were treated 
with 335 nM suberoylanilide hydroxamic acid (Vorinostat, VOR), 10 nM Romidepsin (ROM), 20 nM Panobi-
nostat (PAN), 100 nM Entinostat (MS-275, ENT), 1 µM Prostratin (PRO), 10 µg/ml phytohemagglutinin (PHA) 
or with equivalent amounts of dimethyl sulfoxide (DMSO) when used as a solvent (all from Sigma-Aldrich, MO, 
USA with the exception of ENT from Selleckchem, TX, USA). Lower and higher doses of HDACis were used 
in some experiments to test dose-dependent relationships. Other reagents used were: CCL19 (R&D Systems), 
IL-15 (Peproteck, UK), 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE) and 7-aminoactinomy-cin 
D (7-AAD), both from Sigma-Aldrich.

Flow cytometry. To assess viability, cells were stained with LIVE/DEAD fixable NEAR-IR dead cell stain 
kit according to manufacturer’s protocol (Invitrogen, Thermo Fisher Scientific). To label NK cell-surface recep-
tor, cells were incubated for 20 min at 4 °C with specific mAbs. For detection of intracellular p24, latently HIV-
infected  CD4+ T cells were fixed with 1% paraformaldehyde (PFA) for 10 min, permeabilized with Permeabiliz-
ing Solution 2 of BD Biosciences reagents for 10 min, then incubated for 30 min with p24/FITC mAb; all steps 
were performed at room temperature.

For pNF-κB and pSTAT5 analysis, purified NK and  CD4+ T cells were resuspended in serum-free medium 
supplemented or not with HDACi (334 nM VOR, 10 nM ROM, 20 nM PAN or 100 nM ENT), plated in quad-
ruplicates in 96-well plate and cultivated at 37 °C overnight. Then, for each quadruplicate, medium alone or 
containing IL-15, PRO, or IL-15 + PRO, was added to each of the four replicates to reach final concentration of 
12.5 ng/ml IL-15 and 1 µM PRO and cells incubated at 37 °C for 15 min. Cells were then fixed (10 min, 37 °C) 
with the Cytofix Fixation Buffer (BD Biosciences, 554655), permeabilized (10 min, on ice) with the ice-cold 
Permeabilization Buffer III (BD Biosciences, 558050). Finally, cells were stained (30 min, RT) with anti-pNF-κB 
(S529) and anti-pSTAT5 (Y694) antibodies.

All immunolabeled cells resuspended in 1% paraformaldehyde (PFA) were acquired on Cytoflex (Beckman 
Coulter) or on a FACSCanto II (BD Biosciences). Positive cell gating was set using fluorescence minus one control 
(FMO). Mean fluorescence intensity (MFI) was subtracted of the value obtained with isotype control antibody. 
Data analyses were performed using Kaluza (Beckman Coulter) or FlowJo v10 (BD Biosciences).

NK‑cell cytotoxicity assays. Flow cytometry-based cytotoxicity assays were performed using K562 cells 
as targets (T) and primary NK cells as effectors (E) previously cultivated for 72 h in medium alone or supple-
mented IL-15 (12.5 ng/ml) and containing or not HDACi (334 nM VOR, 10 nM ROM, 20 nM PAN, 100 nM 
ENT), PRO (1 µM), or HDACi + PRO. K562 cells were labelled with 2.5 μM CFSE for 7 min at 37 °C, washed 
twice, then 2.5 ×  105 cells were seeded with NK cells at E:T ratio of 1:1 in a 96-well plate for 4 h at 37 °C. Then, 
cells were labelled with 5 μg/ml 7-AAD for 20 min at 4 °C, washed, and fixed with 1% PFA and analyzed by 
FACS. The percentage of specific lysis of target cells (gated as  CFSE+) was calculated as follows: 100 × (% 7-AAD+ 
target cells in sample − basal % 7-AAD+ target cells)/(100 − basal % 7-AAD+ target cells).
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Establishment and reactivation of latently infected  CD4+ T cells. Resting  CD4+ T cells cul-
tures latently infected with HIV-1 were established and then reactivated as previously described with some 
 modifications40. Briefly, purified  CD4+ T cells cultivated with 29 nM CCL19 for 1–3 days were infected by spin-
oculation with 300 ng p24/106 cells of NL4-3 HIV-1 (NIH AIDS Reagent Program) pseudotyped with vesicular 
stomatitis virus glycoprotein (VSV-G) at 1200 g for 2 h, washed, and placed back in culture in complete medium 
alone at 5 ×  106/ml cell concentration. At day 3 post-infection, latently infected  CD4+ T cells were collected and 
seeded at 3 ×  106/ml in complete medium alone or containing an HDACi (335 nM VOR, 10 nM ROM, 20 nM 
PAN or 100  nM ENT), 1  µM PRO, or HDACi + PRO combinations and supplemented or not with 12.5  ng/
ml IL-15; also, a culture with 10 ug/ml PHA was set for maximal HIV reactivation. After 48 h of culture, cells 
were washed and reseeded at 2 ×  106/ml in the same initial conditions; finally, the intracellular p24 accumula-
tion in T cells was analyzed by FACS and concentration of p24 in the culture medium was measured by ELISA 
(INNOTEST HIV Antigen mAb; FUJIREBIO, Japan) according to manufacturer’s protocol, 18 h and 5 days after 
the second stimulation, respectively.

NK cell‑mediated suppression of reactivated HIV. Three days after latent HIV infection of  CD4+ 
T cells (T), NK cells were purified from an aliquot of cryopreserved PBMCs of the same donor (E) and both 
cell populations were separately cultivated in the same conditions (unstimulated, stimulated with IL-15, PHA, 
HDACi and PRO either alone or combined and with or without IL-15). Fourty eight hours later, 0.15–2 ×  105 T 
cells were transferred in new wells either alone and together with equally stimulated autologous E cells at an E:T 
ratio of 1:1 (final T cell concentration was set at 2 ×  106/ml in all conditions) and restimulated. After 5 days, cell 
culture supernatant was harvested and analyzed by p24 ELISA to measure HIV concentration. The percent of 
NK cell-mediated viral suppression was calculated with the following formula: 100 ×  (p24+ ng/ml cells in tar-
gets −  p24+ ng/ml cells in targets with effectors)/(p24+ ng/ml cells in targets).

Statistical analysis. All experiments have been performed independently at least three times. GraphPad 
Prism v6.0 software (San Diego, CA, USA) was used to perform all statistical analyses. A value of p < 0.05 was 
considered statistically significant.

Data availability
The raw data generated during the present study will be made available by the corresponding authors on reason-
able request.
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