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Abstract: The ‘shock-and-kill’ strategy to purge the latent HIV reservoir relies on latency-reversing
agents (LRAs) to reactivate the provirus and subsequent immune-mediated killing of HIV-expressing
cells. Yet, clinical trials employing histone deacetylase inhibitors (HDACis; Vorinostat, Romidepsin,
Panobinostat) as LRAs failed to reduce the HIV reservoir size, stressing the need for more effective
latency reversal strategies, such as 2-LRA combinations, and enhancement of the immune responses.
Interestingly, several LRAs are employed to treat cancer because they up-modulate ligands for the
NKG2D NK-cell activating receptor on tumor cells. Therefore, using in vitro T cell models of HIV
latency and NK cells, we investigated the capacity of HDACis, either alone or combined with a
distinct LRA, to potentiate the NKG2D/NKG2D ligands axis. While Bortezomib proteasome inhibitor
was toxic for both T and NK cells, the GS-9620 TLR-7 agonist antagonized HIV reactivation and
NKG2D ligand expression by HDACis. Conversely, co-administration of the Prostratin PKC agonist
attenuated HDACi toxicity and, when combined with Romidepsin, stimulated HIV reactivation
and further up-modulated NKG2D ligands on HIV+ T cells and NKG2D on NK cells, ultimately
boosting NKG2D-mediated viral suppression by NK cells. These findings disclose limitations of LRA
candidates and provide evidence that NK cell suppression of reactivated HIV may be modulated by
specific 2-LRA combinations.

Keywords: HIV-1 cure; shock-and-kill; latency reversing agents; histone deacetylase inhibitor; PKC
agonist; proteasome inhibitor; Toll-like receptor agonist; NK cells; NKG2D; NKG2D ligand

1. Introduction

The combinatorial antiretroviral therapy (ART) against HIV effectively suppresses
viral replication but does not eliminate integrated provirus that persists in a small fraction
of latently infected cells, mainly resting CD4+ T lymphocytes [1–3]. Hence, to prevent virus
rebound and disease progression, HIV-infected patients must take ART for life, which can
result in emergence of viral resistance, cumulative toxicity, chronic immune activation, and
other morbidities.

In the last decade, major efforts have been made to identify strategies for eliminating
HIV reservoirs through pharmacologic viral reactivation and killing of cells harbouring
reactivated virus by a combination of host immune responses, viral cytopathic effects,
and ART. For this approach, referred to as ‘shock-and-kill’, a plethora of compounds
functioning as latency-reversing agents (LRAs) have been identified [4–6]. Reflecting
the complexity of mechanisms that contribute to suppress HIV expression in latently
infected cells (i.e., epigenetic, transcriptional, and post-transcriptional mechanisms) [7],
candidate LRAs belong to distinct functional categories that include, but are not limited to:
histone deacetylase inhibitors (HDACi), protein kinase C agonists (PKCa), Toll-like receptor
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agonists (TLRa), and activators of the PI3K/Akt pathway. Several LRAs have entered
into HIV cure clinical trials though, at present, none has demonstrated clearance of latent
infection. Specifically, administration to ART patients of an HDACi such as Vorinostat
(VOR), Romidepsin (ROM), or Panobinostat (LBH589; PAN), of the PI3K/Akt activator
Disulfiram, the PKCa Bryostatin (BRY), and the TLRa MGN1703 resulted in increased HIV
RNA transcription but not in a reduction of the latent reservoir size [8–16]. Therefore, major
efforts are being devoted to identify novel compounds with improved LRA efficacy as
well as combinations of two functionally distinct LRAs that might synergize [6,17]. There
is a growing evidence that HDACis enable HIV transcription initiation yet they do not
remove other blocks impeding viral RNA elongation and splicing or production of late viral
proteins [18,19], which may account for the clinical inefficacy of these drugs. However,
synergistic in vitro or ex vivo HIV reactivation was found by combining HDACi with
PKCas, which potently stimulate HIV transcription, or with proteasome inhibitors such as
Bortezomib (BOR), which induces the viral Tat protein and stabilizes HIV transcription
elongation complex [20–26].

Importantly, LRAs must be considered carefully not only for efficacy but also for
the absence of negative effects on antiviral immune responses. Actually, some studies
demonstrated that in vitro exposure to various HDACis and PKCas affected the viability
and/or function of primary cytotoxic CD8+ T cells (CTLs) [27–29]. Similar studies on
the impact of HDACis and PKCas on natural killer (NK) cells reported heterogeneous
results, showing either immunosuppressive or stimulating effects [30–35]. Recent evidence
suggests that NK cells have an important role in the containment of latent HIV reservoir.
First, results from the VOR and PAN trials showed that the frequency and the function
of NK cells, not CTLs, were the major correlates of the decrease in viral DNA levels in a
group of ART patients [36,37]. In addition, it was shown that resting HIV-infected T cells,
either generated by experimental cell models of latency or derived from ART patients,
are efficiently killed by NK cells upon virus reactivation [32,35,38–40]. In general, NK
cells possess a natural cytotoxic activity against virus-infected cells and tumors that is
independent of antigen recognition, hence not affected by CTL escape mutations that
typically accumulate within HIV provirus in ART patients and is regulated through the
balance of opposing signals delivered by activating and inhibitory receptors [41].

In the context of NK-cell recognition and killing of HIV+ CD4+ T cells, the NKG2D
activating receptor is engaged by cell-surface molecules (NKG2D ligands, NKG2DLs) that
are induced during productive HIV infection in T cells, and delivers a potent stimulatory
signal resulting in cytotoxicity [42–46]. The NKG2DLs belong to two family of proteins,
the MHC-class-I-related sequence A and B (MICA, MICB) and the cytomegalovirus UL16-
binding (ULBP1-6) proteins, whose expression is highly restricted in normal cells but can
be induced in stressed cells, such as virus-infected or transformed cells, through epigenetic,
transcriptional, and post-transcriptional mechanisms [47]. Of note, several LRAs originally
entered into clinical trials to cure cancer patients because of their capacity to up-regulate
NKG2DLs on tumor cells promoting their elimination by NK cells [48–50], suggesting that
NKG2DL and latent HIV share common regulatory mechanisms. On the basis of the current
knowledge, these mechanisms include, at least: epigenetic suppression, stimulation via the
PI3K/Akt pathway and activation of transcription factors such as NF-κB and Sp1. Starting
from these observations, we recently demonstrated that both VOR and the PKCa Prostratin
(PRO) cooperated with HIV at up-modulating NKG2DLs, particularly ULBP2, on T cells
that exit from viral latency and, as a consequence, become susceptible to NKG2D-mediated
killing by NK cells [35,38]. We then proposed an approach to achieve eradication of HIV
reservoirs through the employment of LRAs that effectively induce both NKG2DLs and
latent provirus while boosting NKG2D-mediated cytotoxic responses of NK cells [51].
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Pursuing this goal, in the present study we screened 2-LRA combinations for their
capacity to reactivate HIV and up-regulate NKG2DL while preserving cell viability in
experimental T cell models of latency. LRA combinations analyzed consisted in one leading
HDACi candidate (VOR, PAN, ROM), associated with a functionally distinct LRA including:
PRO, BOR, and the GS-9620 TLR-7 agonist [52–54] that is currently tested in ART patients.
Selected combinations were then tested for their impact on NK cell viability, phenotype,
and function. Finally, the ROM/PRO combination was evaluated for its effects in NK-cell
mediated killing of autologous CD4+ T cells that exit HIV latency using a primary cell-
based experimental system in which both effector and target cells were equally exposed to
the drugs, showing enhanced NKG2D-mediated viral suppression.

2. Results
2.1. Two-Drug Combinations Variably Affect Expression of HIV and NKG2DLs in J1.1 Cells

We used the J1.1 T cell line latently infected with HIV to investigate the simultaneous
effect on virus reactivation and NKG2DLs expression of 2-drug combinations composed
of one HDACi (VOR, ROM, PAN) and a mechanistically distinct LRA including a PKCa
(PRO), a proteasome inhibitor (BOR), and a TLR-7 agonist (GS-9620). The drugs were added
for 48 h to J1.1 cultures at concentrations that were previously shown to be effective at
reactivating HIV-1 by in vitro or ex vivo latency systems (10 µM VOR, 20 nM ROM, 20 nM
PAN, 1 µM PRO, 5 nM BOR, 3 µM GS-9620 [22,25,31,35,38,53,55]; as controls, J1.1 cells were
cultivated in the presence of solvent alone (control, CTR) or maximally stimulated with
100 ng/mL PMA plus 1 µg/mL Ionomycin (PMA/IONO). In a preliminary assay, each
tested LRA did not affect J1.1 cell viability with the exception of PRO and PMA/IONO (34%
and 26% reduction, respectively; Figure 1A), an effect that is consistent with the overgrowth
and exhaustion of cells exposed to these strong activating treatments. In line with previous
data [25,38,53,56–58], we found that J1.1 cell exposure to each single drug reactivated latent
HIV-1 above the level of spontaneous viral activation (8% of untreated cells expressing
viral p24 Gag), yet to an extent that varied considerably: VOR, ROM, and PRO potently
reactivated latent HIV alike PMA/IONO (up to 60% cells became p24+), whereas PAN had
a lower activity (17% p24+) and BOR and GS-9620 had a negligible effect (9% and 11% p24+,
respectively) (Figure 1B,C). We also found that, despite not reaching statistical significance,
combining VOR or ROM with PRO consistently resulted in an increase of HIV reactivation
if compared with each drug alone (Figure 1C); on the other hand, PAN/PRO combination
resulted in 22% p24+ cells, hence in a reactivation that was modestly increased if compared
to PAN-treated cells but drastically reduced if compared with cultures exposed to PRO
alone. In addition, combining VOR, ROM, or PAN with BOR significantly increased the
frequency of p24+ cells induced by each LRA used one at a time, indicating the existence of
a general cooperative interaction between HDACis and BOR. Conversely, GS-9620 exerted
an antagonist effect when combined with VOR, ROM, or PAN, resulting in a significant
reduction of HDACi capacity to induce individually HIV-1 reactivation (Figure 1C).
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Figure 1. HIV-1 reactivation and modulation of NKG2DLs expression by two-drug combinations in J1.1 cells. J1.1 cells 
were treated for 48 h with solvent as control (CTR), 100 ng/mL PMA plus 1 µg/mL Ionomycin (PMA/IONO) as maximal 
stimulation, 10 µM VOR, 20 nM ROM, 20 nM PAN, 1 µM PRO, 5 nM BOR, or 3 µM GS-9620 used alone or combining each 
HDACi (VOR, ROM, PAN) with PRO, BOR, or GS-9620. Then, cells were analyzed for cell viability, HIV-1 reactivation 
(i.e., intracellular p24 expression) and cell-surface MICA/B and ULBP2 expression by multicolor flow cytometry. (A) The 
viability of treated J1.1 cells was examined by LIVE/DEAD staining and expressed relatively to CTR samples set at 100%. 
Bars represent mean ± SEM (n = 11). ***p < 0.001, ****p < 0.0001 by paired t-test. (B) Representative dot plots show the 
frequency of p24+ J1.1 cells with reactivated HIV following single treatments. (C) HIV reactivation quantified as %p24+ 
cells was determined in 11 independent experiments (mean ± SEM). Statistics was performed using paired t-test; versus 
control (CTR): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; versus HDACi alone: ##p < 0.01, ###p < 0.001; versus 2nd LRA 
alone: §p < 0.05, §§§p < 0.001, §§§§p < 0.0001. (D) Histograms show MICA/B and ULBP2 fluorescence in gated p24- and p24+ 
cells in a representative experiment with J1.1 cells following the indicated treatments. Filled gray and open histograms 
represent staining of CTR and treated cells, respectively. Signal obtained with control IgG (dashed line) and mean fluo-
rescence intensity (MFI) values for CTR (gray) and treated (black) cells are indicated. (E) Quantification of MICA/B (left 
panels) and ULBP2 (right panels) up-modulation induced by single or 2-drug combination on p24+ cells relative to p24- 
CTR cells. Bars represent mean ± SEM (n = 7). Statistics was performed using One-way Anova with Bonferroni post test to 
perform multiple comparisons; significant differences versus control (CTR) and versus HDACi alone are indicated: * p < 
0.05, ** p < 0.01, *** p < 0.001. 
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Figure 1. HIV-1 reactivation and modulation of NKG2DLs expression by two-drug combinations in J1.1 cells. J1.1 cells
were treated for 48 h with solvent as control (CTR), 100 ng/mL PMA plus 1 µg/mL Ionomycin (PMA/IONO) as maximal
stimulation, 10 µM VOR, 20 nM ROM, 20 nM PAN, 1 µM PRO, 5 nM BOR, or 3 µM GS-9620 used alone or combining each
HDACi (VOR, ROM, PAN) with PRO, BOR, or GS-9620. Then, cells were analyzed for cell viability, HIV-1 reactivation
(i.e., intracellular p24 expression) and cell-surface MICA/B and ULBP2 expression by multicolor flow cytometry. (A) The
viability of treated J1.1 cells was examined by LIVE/DEAD staining and expressed relatively to CTR samples set at 100%.
Bars represent mean ± SEM (n = 11). *** p < 0.001, **** p < 0.0001 by paired t-test. (B) Representative dot plots show the
frequency of p24+ J1.1 cells with reactivated HIV following single treatments. (C) HIV reactivation quantified as %p24+

cells was determined in 11 independent experiments (mean ± SEM). Statistics was performed using paired t-test; versus
control (CTR): * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; versus HDACi alone: ## p < 0.01, ### p < 0.001; versus
2nd LRA alone: § p < 0.05, §§§ p < 0.001, §§§§ p < 0.0001. (D) Histograms show MICA/B and ULBP2 fluorescence in gated
p24- and p24+ cells in a representative experiment with J1.1 cells following the indicated treatments. Filled gray and
open histograms represent staining of CTR and treated cells, respectively. Signal obtained with control IgG (dashed line)
and mean fluorescence intensity (MFI) values for CTR (gray) and treated (black) cells are indicated. (E) Quantification of
MICA/B (left panels) and ULBP2 (right panels) up-modulation induced by single or 2-drug combination on p24+ cells
relative to p24- CTR cells. Bars represent mean ± SEM (n = 7). Statistics was performed using One-way Anova with
Bonferroni post test to perform multiple comparisons; significant differences versus control (CTR) and versus HDACi alone
are indicated: * p < 0.05, ** p < 0.01, *** p < 0.001.
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In basal conditions, J1.1 cells express NKG2DLs (i.e., MICA, MICB, ULBP1, ULBP2),
which is coherent with their leukemic origin and with low-level viral protein expression by
latent HIV [38]. We previously showed that exposure of J1.1 cells to VOR increased MICA,
MICB, and ULBP2 transcription and, in reactivated p24+ cells, was associated with intra-
cellular accumulation of newly synthesized ligands by yet unknown viral protein(s) [38];
as a result, cell-surface ligand up-regulation by VOR was similar in p24- and p24+ cells
(only MICB was significantly higher in p24+ cells) [38]. Here, the treated J1.1 cultures were
analyzed for the expression MICA/B (using mAb cross-reacting with MICA and MICB pro-
teins) and ULBP2 on both p24− and p24+ cells as shown for a representative experiment in
Figure 1D (complete data are shown in Supplementary Figure S1) and the extent of ligand
modulation is reported for p24+ cells in Figure 1E. Results showed that, in agreement with
NKG2DL up-modulation by HDACi reported in previous studies [49,50], VOR and ROM
strongly enhanced MICA/B and ULBP2 expression on p24- and, to somewhat higher level,
on p24+ cells, yet PAN had only a minimal effect on MICA/B. Exposure to PRO or BOR
was ineffective on MICA/B but both increased ULBP2 expression in line with previous
studies [35,59]. In addition, NKG2DL expression was not modulated by GS-9620 that, to
our knowledge, has never been tested for this activity. When PRO was combined, the
capacity of VOR to up-modulate ULBP2 was further increased, whereas ULBP2 expression
was not higher than with HDACi alone in the ROM/PRO and PAN/PRO combinations
(Figure 1E). Adding PRO had distinct effects on HDACi-induced MICA/B up-modulation
since this was partially reduced in VOR/PRO and ROM/PRO cultures but slightly in-
creased in the PAN/PRO combination. Moreover, by including BOR in HDACi-treated
cultures, we observed an increment of MICA/B and ULBP2 up-modulation induced by
any HDACi, although not statistically significant for VOR/BOR. Finally, the inclusion
of GS-9620 in HDACi-stimulated cultures resulted in a drastic reduction of NKG2DLs
up-modulation (Figure 1E).

Overall, in the J1.1 cell system, VOR and ROM performed much better than PAN and
similarly to PRO at reactivating latent HIV, whereas BOR and GS-9620 were ineffective;
simultaneously, VOR and ROM induced expression of both MICA/B and ULBP2 to a
higher extent as compared with PAN, while PRO and BOR only up-regulated ULBP2 and
GS-9620 had no effect on either NKG2DL. Moreover, association of an HDACi with a
distinct LRA showed that combination of VOR and ROM with either PRO or BOR had the
best potential in terms of efficient HIV reactivation and NKG2DL up-modulation. Lastly,
combining GS-9620 with VOR, ROM, or PAN unexpectedly impaired the capacity of each
HDACi to induce latent HIV as well as NKG2DL expression, hence GS-9620 was excluded
from further analysis.

2.2. Viability of T and NK Cells within PBMCs Exposed to Single HDACi or BOR

We previously showed that 1 µM PRO had no toxic effects on T or NK cells [35], as
also reported by other groups [29,31], but concerns on the potential toxicity of HDACi and
BOR on T or NK cells were raised in some studies [27,28,31,60,61]. Then, we cultivated
PBMCs of healthy donors in medium supplemented with clinically relevant doses of VOR
(334 nM), ROM (10 nM), PAN (20 nM), and BOR (5 nM) [27,62] and measured overtime
(24, 48, and 72 h) the frequency of live cells within gated CD4+ T, CD8+ T, and NK cells
(Figure 2). We found that viability of CD4+ T and NK cells was slightly affected by VOR
and PAN (reduced by 6–13%) and modestly decreased by ROM (~20% reduction) compared
with untreated cultures at 72 h, whereas by that time all HDACis showed toxicity in CD8+

T cells, with ROM having the strongest effect (50% reduction). When PBMCs were exposed
to BOR, the viability of T and NK cells was strongly affected starting at 48 h and further
decreased by 75–65% for CD4+ T and NK cells and 97% for CD8+ T after 72 h.



Int. J. Mol. Sci. 2021, 22, 6654 6 of 22

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 6 of 22 
 

 

BOR on T or NK cells were raised in some studies [27,28,31,60,61]. Then, we cultivated 
PBMCs of healthy donors in medium supplemented with clinically relevant doses of VOR 
(334 nM), ROM (10 nM), PAN (20 nM), and BOR (5 nM) [27,62] and measured overtime 
(24, 48, and 72 h) the frequency of live cells within gated CD4+ T, CD8+ T, and NK cells 
(Figure 2). We found that viability of CD4+ T and NK cells was slightly affected by VOR 
and PAN (reduced by 6–13%) and modestly decreased by ROM (~20% reduction) com-
pared with untreated cultures at 72 h, whereas by that time all HDACis showed toxicity 
in CD8+ T cells, with ROM having the strongest effect (50% reduction). When PBMCs were 
exposed to BOR, the viability of T and NK cells was strongly affected starting at 48 h and 
further decreased by 75–65% for CD4+ T and NK cells and 97% for CD8+ T after 72 h. 

 
Figure 2. Lymphocyte viability in LRA-treated PBMCs. PBMCs were cultured in medium alone 
(control, CTR) or supplemented with 334 nM VOR, 10 nM ROM, 20 nM PAN, 5 nM BOR; after 24, 
48, and 72 h, the viability of CD4+ T (top), CD8+ T (center), and NK cells (bottom) was examined by 
LIVE/DEAD staining and flow cytometry analysis of gated CD3+CD4+, CD3+CD8+, and 
CD3−CD56+CD16+/− cells, respectively. Bars represent mean ± SEM (n = 4). * p < 0.05, ** p < 0.01 by 
paired t-test. 

Figure 2. Lymphocyte viability in LRA-treated PBMCs. PBMCs were cultured in medium alone
(control, CTR) or supplemented with 334 nM VOR, 10 nM ROM, 20 nM PAN, 5 nM BOR; after
24, 48, and 72 h, the viability of CD4+ T (top), CD8+ T (center), and NK cells (bottom) was exam-
ined by LIVE/DEAD staining and flow cytometry analysis of gated CD3+CD4+, CD3+CD8+, and
CD3−CD56+CD16+/− cells, respectively. Bars represent mean ± SEM (n = 4). * p < 0.05, ** p < 0.01 by
paired t-test.

2.3. PRO Allows for Survival of HDACi-Reactivated HIV+ T Cells and Has Additive Effects on
NKG2DL Expression

Based on the results above on BOR toxicity, we decided to assess in latently HIV-
infected CD4+ T cells HDACi combinations with PRO but not with BOR. Using a previously
described method [40], latent HIV infection was established in primary resting CD4+ T
cells derived from healthy donors and pre-treated with CCL19, then cells were cultivated
for 72 h in the presence of HDACi, PRO, HDACi/PRO combinations, 10 µg/mL of PHA
(for maximal stimulation), or DMSO vehicle as control, prior analysis by flow cytometry
of HIV reactivation and cell-surface MICA/B and ULBP2 expression on cells with (p24+)
and without (p24−) reactivated virus (a representative analysis is shown in Figure 3A,B).
To optimize detection on primary T cells of MIC proteins, provided their elevated genetic
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polymorphism and inter-individual variability, T cells were simultaneously labeled with
two mAbs that efficiently recognize MICA (AMO1) and MICB (MAB1599) molecules.
As shown in a representative analysis comparing control with PHA-stimulated cultures
(Figure 3B), expression of MICA/B and ULBP2 was higher on p24+ cells if compared with
p24- cells, in line with the capacity of HIV to up-regulate NKG2DLs [42–46]. Initially, we
monitored overtime the viability of latently infected T cells, showing that it progressively
diminished in unstimulated cultures, was further reduced in cultures treated with VOR and,
particularly, with ROM and PAN (25%, 40%, and 70% reduction, respectively, compared
with control at 72 h), while it was preserved in cultures supplemented with PRO (2-
fold higher than in control at 72 h, Figure 3C). Importantly, in cultures with HDACi/PRO
combinations, the viability of T cells was maintained at levels comparable to control cultures
with the exception of PAN/PRO which was significantly reduced compared to control,
indicating that the pro-survival activity of PRO contrasted the toxic effect of VOR and ROM
but not that of PAN. As expected, we found that PRO, although less efficiently than PHA,
induced the appearance of p24+ cells above the levels of spontaneous HIV reactivation
(50 ± 7% vs. 17 ± 2% p24+ cells in control cultures, considering 100% the frequency of p24+

in PHA-treated cultures, Figure 3D). On the other hand, as compared to control cultures,
the frequency of p24+ cells in cultures treated with single HDACi was similar for VOR
(14 ± 3%) and significantly reduced for ROM and PAN (both 8% ± 1%; Figure 3D), which
was likely due to the toxicity of these compounds (Figure 3C). When HDACis were used
in combination with PRO, hence preserving T cell viability, HIV reactivation was higher
than in single HDACi-treated cultures or in untreated cultures, although only VOR/PRO
vs. VOR (32 ± 9% vs. 8% ± 1%) and ROM/PRO vs. ROM (24 ± 8% vs. 8% ± 1%) reached
statistical significance; however, each HDACi/PRO combination reactivated HIV less
efficiently than PRO alone (Figure 3D). Therefore, the simultaneous stimulation with PRO
allowed for survival of p24+ cells treated with VOR or ROM but not PAN, yet combination
with any HDCAi reduced the frequency of p24+ cells reactivated by PRO.
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Figure 3. Impact of the HDACi/PRO combinations in viability, viral reactivation, and NKG2DLs expression in latently
HIV-infected CD4+ T cells. HIV latency was established in CD4+ T cells freshly isolated from healthy donors (see Materials
and Methods), then cells were exposed to LRAs for 3 days prior 2-color flow cytometry analysis of cell-surface MICA/B
and ULBP2 expression in p24- and p24+ cells. (A) Representative dot plots show the frequency of p24+ cells in control
(CTR) and PHA-stimulated cultures gated by setting non-infected PHA-stimulated cells at 0%. (B) Histograms show
MICA/B and ULBP2 fluorescence (solid line) in gated p24- and p24+ cell populations measured in representative control
and PHA-stimulated cell samples. Signals obtained with control IgG (filled histograms) and the ligand-specific MFI value,
subtracted of the MFI value of isotype control, are shown. (C–E) Cells of several donors were cultivated in absence of
stimuli (CTR) or with VOR (334 nM), ROM (10 nM), PAN (20 nM), PRO (1 µM), or combinations of each HDACi with PRO.
(C) T cell viability (mean ± SEM, n = 3) was examined at 24, 48, and 72 h by LIVE/DEAD staining. (D) The frequency of
p24+ cells harboring reactivated virus was evaluated for all conditions in 9–10 independent experiments (each donor is
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represented with distinct symbol) and expressed relatively to PHA set at 100%. (E) The cell-surface MICA/B and ULBP2
expression was analyzed on p24- and p24+ cells as described in (B) in 5–8 independent experiments. Bars represent mean
± SEM. Statistics was performed using paired t-test (C and E panels) and Wilcoxon test (D panel) for parametric and
non-parametric distributions, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001.

As to NKG2DLs, their expression in stimulated T cell cultures was enhanced in
a drug-dependent manner and to a donor-to-donor variable extent. By testing several
donors, we found that HDACis induced an overall MICA/B and ULBP2 up-modulation
on p24+ cells, whereas the effect on p24- cells was negligible (Figure 3E); above all, a strong
and statistically significant increase of MICA/B expression was induced by ROM. Besides,
stimulation with PRO had no effect on MICA/B but greatly enhanced ULBP2 expression on
p24+ cells. Finally, in HDACi/PRO combinations, NKG2DLs up-modulation on p24+ cells
were mostly maintained at the highest level induced by single treatments without showing
major cooperative or antagonistic effects between drugs. In summary, which NKG2DL was
induced in T cells that exit viral latency and the extent of ligand up-modulation depended
on the nature of the drug, with MICA/B and ULBP2 being significantly up-modulated
only by ROM and by PRO, respectively.

2.4. LRAs Effects on NK Cells

To allow NK cell-mediated elimination of T cells harboring reactivated HIV, it is
important to employ LARs devoid of negative effects on the repertoire of activating NK
cell receptors. In a previous study, we analyzed NK cells purified from healthy donors
and cultivated 20 h with PRO for the expression of activating receptors, including NKG2D,
DNAM-1, NKp30, NKp44, NKp46, and CD16, and of the CD69 early activation marker,
showing that PRO induced up-modulation of NKG2D, NKp44, and CD69 and loss of
CD16, hence a phenotype typically associated with strong NK-cell activation [35]. Here
the same analysis was performed using VOR, ROM, or PAN that, in previous studies,
showed incongruous effects on NK cells [30–33]. We found that VOR and PAN induced
a significant down-regulation on NK cells of NKG2D and NKp46 and strongly increased
the frequency of CD69+ cells, while ROM had the opposite effect of up-regulating both
NKG2D and NKp46 without a significant increase of CD69 expression (Figure 4A–D). Next,
we investigated the impact of combinations of HDACi with PRO on purified NK cells
by first analyzing their viability at 24, 48, and 72 h post-exposure. Of note, the toxicity
of single HDACi on NK cells was more evident in purified NK-cell cultures (Figure 4E)
as compared with PBMCs cultures (Figure 2), especially for VOR and PAN that killed
between 50% and 75% of cells at 48–72 h; most importantly, the addition of PRO, which
by itself preserved NK-cell viability, resulted in the full recovery of the viability of NK
cells simultaneously exposed to ROM or PAN, an effect that was not observed with the
VOR/PRO combination (Figure 4E). Then, considering that ROM but not PAN was devoid
of negative effects on NK cell receptors, we examined overtime the phenotype of NK cells
exposed to the ROM/PRO combination. Results showed that NKG2D expression was
increased with the 2-drug combination by about 5-fold at 72 h, an induction significantly
higher as compared with single drug treatments (Figure 4F). Moreover, PRO-induced
up-modulation of NKp30 and NKp44 was maintained in the ROM/PRO combination and
a trend towards increased expression of DNAM-1 (significantly higher DNAM-1 MFI at
48 h) was found comparing individual drugs with their combination. We also observed
a negative effect of PRO on NKp46 and CD16 expression that was retained also when
ROM was present; however, these inhibitory effects of PRO were progressively attenuated
overtime, with the expression level of NKp46 and CD16 being fully and partially recovered
at 72 h, respectively (Figure 4F).



Int. J. Mol. Sci. 2021, 22, 6654 10 of 22
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 10 of 22 
 

 

 
Figure 4. LRAs effects on NK-cell viability and phenotype. (A–D) NK cells, which include CD56brightCD16+/− and 
CD56dimCD16+ cells, were isolated by negative selection from PBMCs of healthy donors reaching ~95% purity as shown in 
a representative flow cytometry analysis (A). Purified NK cells were cultured in medium alone (control, CTR) or supple-
mented with 334 nM VOR, 10 nM ROM, 20 nM PAN, 5 nM BOR for 24 h, then cells were analyzed by flow cytometry to 
measure the expression of various NK-cell markers. (B) The percentage of NKG2D+, DNAM-1+, NKp30+, NKp44+, NKp46+, 
and CD16+ cells among control NK cells is shown (filled gray histograms) together with control IgG signal (open histo-
grams) for a representative experiment. (C) For each receptor, the frequency of positive cells and MFI (relatively to control 
MFI set to 1) was measured and mean ± SEM of at least 4 independent experiments is shown. (D) After 24 h of drug 
exposure, the percentage of CD69+ NK cells was evaluated in 4 donors (mean ± SEM). (E) Purified NK cells were cultivated 
in the presence of VOR, ROM, PAN, or PRO (1 µM) and with combinations of each HDACi with PRO. The NK-cell viability 
was examined at 24, 48, and 72 h by LIVE/DEAD staining. Bars represent mean ± SEM obtained from at least 3 independent 
donors. (F) Purified NK cells were treated with ROM and PRO, either alone or in combination, and analyzed after 24, 48, 

Figure 4. LRAs effects on NK-cell viability and phenotype. (A–D) NK cells, which include CD56brightCD16+/− and
CD56dimCD16+ cells, were isolated by negative selection from PBMCs of healthy donors reaching ~95% purity as shown in a
representative flow cytometry analysis (A). Purified NK cells were cultured in medium alone (control, CTR) or supplemented
with 334 nM VOR, 10 nM ROM, 20 nM PAN, 5 nM BOR for 24 h, then cells were analyzed by flow cytometry to measure
the expression of various NK-cell markers. (B) The percentage of NKG2D+, DNAM-1+, NKp30+, NKp44+, NKp46+, and
CD16+ cells among control NK cells is shown (filled gray histograms) together with control IgG signal (open histograms)
for a representative experiment. (C) For each receptor, the frequency of positive cells and MFI (relatively to control MFI set
to 1) was measured and mean ± SEM of at least 4 independent experiments is shown. (D) After 24 h of drug exposure,
the percentage of CD69+ NK cells was evaluated in 4 donors (mean ± SEM). (E) Purified NK cells were cultivated in the
presence of VOR, ROM, PAN, or PRO (1 µM) and with combinations of each HDACi with PRO. The NK-cell viability was
examined at 24, 48, and 72 h by LIVE/DEAD staining. Bars represent mean ± SEM obtained from at least 3 independent
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donors. (F) Purified NK cells were treated with ROM and PRO, either alone or in combination, and analyzed after 24, 48,
and 72 h for the expression of NK-cell receptors as described in panel (C). Bars show mean ± SEM (n = 6). Statistics was
performed using paired Wilcoxon and t-test for non parametric and parametric distributions, respectively. Versus control
(CTR): * p < 0.05; ** p < 0.01; *** p < 0.001. Versus ROM alone: # p < 0.05. Versus PRO alone: § p < 0.05.

2.5. Impact of the ROM/PRO Combination on NK-Cell Mediated Suppression of CD4+ T Cells
That Exit from Viral Latency

Overall, our results suggest that ROM/PRO combined treatment may favor NK cell-
mediated clearance of latently infected T cells by its capacity to induce expression of both
MICA/B and ULBP2 on T cells that exit from latency and of the NKG2D receptor on NK
cells. To verify this hypothesis, we set up a viral suppression assay in which latently
infected CD4+ T cells were stimulated with ROM and/or PRO or not stimulated for 48 h,
then transferred on a pellet of autologous NK cells that had been exposed separately to the
same 48 h-treatment and further cultivated for 18 h before analysis of p24+ cell frequency in
gated T cells (see Materials and Methods and gating strategy in Figure 5A). Data obtained
with 10 donors showed that co-culture with autologous NK cells resulted in a median
20 ± 5% suppression of spontaneously reactivated p24+ cells in the absence of treatments;
analogous NK cell-mediated suppression levels were found in ROM co-cultures (21 ± 6%),
with only 3/10 donors showing increased clearance of p24+ cells, 6/10 donors showing
reduced killing, and 1/10 donors being unresponsive (Figure 5B). On the other hand,
NK-cell mediated viral suppression was 34 ± 7% in the presence of PRO (increased in 8/10
donors) and 37 ± 4% with ROM/PRO combination (increased in 7/10 donors), this latter
being higher than in ROM-treated and untreated co-cultures in a statistically significant and
nearly significant (p = 0.052) manner, respectively (Figure 5B). Therefore, notwithstanding
interindividual variation in the response to treatments, simultaneous exposure of latently
infected T cells and NK cells to ROM did not stimulate NK-cell mediated suppression
of T cells that exit viral latency, whereas PRO and, even better, ROM/PRO exposure
resulted in increased suppression. To confirm that the reduction of 24+ cells reflected
NK-cell cytotoxic activity, expression of the CD107a degranulation marker was analyzed
in NK cells following the 18 h culture in various conditions (Figure 5C). Results showed
that the presence of CD4+ T cell targets significantly incremented CD170a levels in PRO
and ROM/PRO but not in CTR and ROM cultures (Figure 5C,D), therefore p24+ cell
suppression could be confidently associated with NK cell-mediated killing in this assay.
Finally, to assess the contribution of the NKG2D/NKG2DL axis in this HIV suppression
assay, 6 donors were tested by pre-treating NK cells with anti-NKG2D blocking mAb
or isotype IgG control prior addition to T cell cultures. Figure 5E shows that blocking
NKG2D significantly reduced the capacity of NK cells to suppress HIV+ reactivated cells
in ROM/PRO-stimulated cultures (48% reduction), had a lower effect in cultures exposed
to ROM or PRO (35% and 20% reduction, respectively) and no effect in control cultures,
indicating that ROM/PRO enhanced NKG2D-mediated killing of p24+ targets by NK cells
as compared to single drug treatments.
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Figure 5. Clearance of reactivated HIV+ T cells by NK cells in the presence of Prostratin and/or Romidepsin. A viral
suppression assay was set up in which latently infected CD4+ T cells (targets, T) were stimulated with ROM, PRO,
ROM/PRO or not stimulated (CTR) for 72 h with and without the addition in the last 18 h of autologous eFluor450-labeled,
equally stimulated/not stimulated NK cells (effectors, E) at an E:T ratio of 1:1. The T and T+NK cell cultures were analysed
by flow cytometry to measure the frequency of p24+ cells among gated eFluor450- targets and calculate the percentage of
NK-cell mediated suppression (see Materials and Methods). (A) The gating strategy is shown for a representative set of not
stimulated autologous NK cells and CD4+ T cells cultivated separately or together for the last 18 h. (B) The % of p24+ cell
suppression by NK cells in CTR, ROM, PRO, and ROM/PRO co-cultures was calculated in 10 independent experiments.
(C,D) NK cell degranulation was measured by including anti-CD107a mAb or IgG control to T+NK and NK cell cultures in
the last 18 h; (C) CD107a expression among eFluor450+ NK cells cultivated without (filled gray) or with CD4+ T cells (open
black histograms) is shown together with control IgG signal (dashed line) for a representative experiment; (D) CD107a
MFI measured in 4 independent experiments is shown. (E) The suppression of p24+ cells by NK cells pre-incubated with
anti-NKG2D mAb or control IgG1 was measured in 6 different donors as described in panels (A,B). Bars represent mean ±
SEM. Each symbol corresponds to one donor. * p < 0.05, ** p < 0.01 by paired t test.

3. Discussion

Initial HIV-1 eradication trials in ART patients have failed to significantly reduce
the size of the latent viral reservoir and clearly demonstrated the need for interventions
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improving both latency reversal and killing of reactivated HIV+ cells through host immune
responses. In the present study we searched for 2-LRA combinations, including one
HDACi and one functionally distinct LRA that could enhance NK-cell mediated clearance
of reactivated HIV+ T cells via the potentiation of the NKG2D/NKG2DL axis. The rationale
behind this approach stands on the reported ability of HDACis and different candidate
LRAs to induce both expression of latent HIV-1 and NKG2DLs, thus potentially enhancing
the virus-mediated NKG2DL induction and increasing the susceptibility of T cells that exit
viral latency to recognition and killing by NK cells via their activating NKG2D receptor.

We focused on three HDACis, VOR, ROM, and PAN, that have been already admin-
istered to HIV-infected patients and vary considerably in their biochemical properties,
specificity, and efficacy. ROM is generally classified as specific for class I HDACs, which are
considered the most important in controlling integrated HIV transcription [63], as opposed
to the VOR and PAN pan-HDACis that target class I, II, and IV HDACs [64]. However, in a
comparative examination against recombinant HDAC isoenzymes, ROM demonstrated
the strongest activity against HDACs belonging to I, IIb, and IV classes [56], hence it is
also referred to as pan-HDACi in some studies [65]. As compared to ROM, VOR and PAN
displayed a weaker activity not only with class I HDACs, possibly accounting for their
lower latency reversal activity in primary T cell models, but also against the majority of
HDAC enzymes, with the exception of the class IIb HDAC6 enzyme, with PAN being the
stronger inhibitor [56].

Herein, using the J1.1 latently HIV-infected T cell line, we initially checked association
of VOR, ROM, or PAN, with either PRO, BOR, or GS-9620, showing that VOR and ROM
combined with PRO or BOR had the best potential in terms of HIV reactivation, thus
confirming and extending previous studies [20–26,66], and of MICA/B and/or ULBP2
induction. On the other hand, PAN, which by itself had a modest activity on HIV, when
combined with PRO resulted in no major changes in NKG2DL expression and in a strong
reduction of HIV reactivation induced by PRO alone. Interestingly, this result is in line with
a previous study showing that PAN antagonized a distinct PKCa, Ingenol, at reactivating
HIV ex vivo in CD4+ T cells [67]. This antagonism could be due to the superior capacity
of PAN to inhibit the deacetylase of HSP90, HDAC6, as compared to VOR or ROM [56],
which leads to dissociation of the HSP90/IKK complex required for NF-κB activation by
PKCa [68,69]. Another remarkable result of the 2-drug screening in J1.1 cells consisted of
the strong antagonistic effect of GS-9620 on both HIV reactivation and NKG2DL induction
activities of HDACis; actually, it has been demonstrated that GS-9620 reverses HIV latency
in CD4+ T cells in a paracrine manner through the effect of cytokines [52,53], yet a direct
effect in T cells that exit from viral latency was not investigated. The antagonistic effect
of GS-9620 on HDACi-induced HIV reactivation found herein might be explained by the
fact that TLR-7 engagement in CD4+ T cells impedes activation of Jun, a component of the
AP-1 transcription factor that enhances HIV RNA elongation in CD3/CD28-reactivated
latently infected T cells [70,71]. Analogously, since AP-1 was shown to positively stimulate
NKG2DL transcription [72], it is plausible that inhibition of AP-1 by GS-9620 could interfere
with HDACi-induced ligand expression. Despite the mechanism is presently undefined,
the strong antagonistic effects of GS-9620 discouraged further testing in this study.

To extend our analysis to primary cells, we first measured the viability of PBMCs from
HIV-negative donors cultivated with single LRAs, finding a dramatic toxicity of BOR in
CD4+ T cells as well as in CD8+ T and NK cells starting at 48 h of treatment; deleterious
effects of BOR on the viability of primary CD4+ T cells derived from healthy individuals or
ART patients were also reported in recent studies [25,73], therefore we decided to exclude
BOR from further analysis. Moreover, we found that viability of CD4+ T and NK cells
was minimally, if not at all, affected in PBMC cultures exposed to individual HDACi for
up to 72 h, yet it was significantly reduced when tested in purified CD4+ T cells latently
infected in vitro or NK cell cultures. Of note, simultaneous addition of PRO, which by itself
increased the viability of purified CD4+ T and NK cells, attenuated the toxic effects of VOR
or ROM in CD4+ T cells as well as the toxicity of ROM and PAN in NK cells. Analogously,
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a recent work showed that PRO and the TPPB and (-)-Indolactam V PKCas reduced the
toxicity of various HDACis (i.e., Belinostat, Givinostat, AR-42, PCI-24781) when combined
in PBMC cultures [26]. Our results suggest that activation of the PKC signaling pathway
may overcome HDACi-induced intrinsic apoptotic pathways depending on the cell type
and on the nature of the HDACi used. Further work is necessary to elucidate these finding
and extend the analysis to CD8+ T cells whose viability was strongly affected by HDACi in
this as in previous studies [27,28,60].

By measuring appearance of p24+ cells in cultures of CD4+ T cells that were latently
infected then exposed to LRAs for 72 h, we found that PRO efficiently reactivated HIV,
which is in line with PKCas being the strongest LRAs in ex vivo or in vitro assays [18,22],
whereas VOR was ineffective and ROM and PAN even reduced the level of spontaneous
viral reactivation. We interpreted the inefficacy of HDACis at reverting HIV latency as a
consequence of their intrinsic toxicity under the tested experimental conditions. Indeed,
the addition of PRO to HDACi, which preserved the viability of cells exposed to VOR
or ROM but not PAN, resulted in higher frequency of p24+ cells with the exclusion of
the PAN/PRO combination. However, all HDACi/PRO combinations reactivated HIV
less efficiently than PRO alone, suggesting that HDACis partially antagonized the activity
of PRO.

These results contrast with some former studies, though discrepancies may be ex-
plained by major methodological differences. In fact, various studies showing that VOR,
ROM, or PAN reactivated HIV in ex vivo assays or in primary CD4+ T cell models of
latency employed experimental conditions that preserved cell viability, such as ectopic
expression of the anti-apoptotic factor Bcl2 [18,74], addition of anti-apoptotic agents [67],
differentiation of memory T cell subsets [56], or stimulation with allogeneic cells [75],
while we investigated HIV reactivation in the absence of any pro-survival factor or stimuli
other than LRAs. When tested for latency reversal in ex vivo assays devoid of stimulatory
factors, HDACis were ineffective or showed minimal activity as compared with PKCas
or control PMA/Iono, especially in terms of mature HIV mRNA released in the culture
supernatant [18–20,22,56,76]. In addition, one study demonstrated that ART patients’ CD4+

T cells super-infected in vitro and exposed to HDACis (i.e., ROM and Nanatinostat) did not
induce degranulation of autologous HIV-specific CD8+ T cells [19], which is in agreement
with the inability of HDACis to stimulate expression of the viral p24 antigen in our in vitro
assay. On the other hand, HDACis were shown to synergize with PKCas, specifically ROM,
VOR or valproic acid with PRO or BRY, at inducing the release of HIV mRNA by a fraction
of T cell cultures derived from ART patients [20,22]. This synergism, which is at odd with
our data, has been lately contrasted by a report demonstrating that VOR, ROM, or PAN, as
opposed to bona fide class-I-specific HDACis, disrupted the latency reversing activity of
PKCas in a primary T cell model, also providing evidence that VOR inactivated HSP90 and
inhibited BRY-mediated NF-κB activation [65].

The response of LRA-exposed latently infected CD4+ T cells in terms of NKG2DL
expression varied considerably between donors, yet overall showed that HDACis and
PRO up-modulated at least one ligand (MICA/B and/or ULBP2) on reactivated p24+

cells as compared with p24- cells or with p24+ cells spontaneously occurring in control
unstimulated cultures, extending our previous work demonstrating that VOR and PRO
cooperate with reactivated HIV at inducing ULBP2 expression [35,38]. Specifically, a
significant up-regulation of MICA/B was induced by ROM, whereas PRO was ineffective
on MICA/B but efficiently up-regulated ULBP2. In HDACi/PRO combinations, NKG2DL
up-modulation on p24+ T cells was mostly maintained at the highest level induced by single
drug treatments, suggesting that the effects of these distinct drugs on ligand expression
were not cumulative.

In a ‘shock-and-kill’ scenario, NKG2DL expression exposes HIV+ T cells reactivated
by LRAs to the recognition and killing by NK cells, given that their NKG2D-mediated
responses are preserved by the administered drugs. Here we showed that VOR and
PAN had deleterious effects in 24 h cultures of purified NK cells consisting in ample cell
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death, NKG2D and NKp46 down-regulation, and overall cell activation as measured by
CD69 expression; conversely, ROM modestly reduced NK cell viability and up-regulated
NKG2D and NKp46 receptors without inducing CD69. These results are only marginally
consistent with previous studies describing a negative effect of PAN on all tested NK-cell
receptors except NKp44, either NKp44 down-regulation or no effects for VOR and ROM,
and a significant increase of %CD69+ cells by the three HDACis [31,32]. The effect of
ROM was further analyzed overtime with the addition of PRO that alone induced strong
NK cell activation by up-modulating NKG2D, NKp30, NKp44, and CD69, and by CD16
shedding [35]. The ROM/PRO combination resulted after 72 h in fully preserved cell
viability (otherwise partially reduced by individual ROM treatment) and further increased
NKG2D expression as compared with single drug treatments.

Results presented herein indicated that ROM/PRO combined treatment may enhance
NK cell-mediated clearance of latently infected T cells by its capacity to induce expression
of both MICA/B and ULBP2 on CD4+ T cells that exit from latency and of the NKG2D
receptor on NK cells. To test this hypothesis, we set up a killing assay in which both
targets (in vitro latently infected CD4+ T cells) and effectors (autologous NK cells) were
exposed to ROM and/or PRO or untreated for the same period of time and in the absence
of additional stimuli, in this respect mimicking the conditions that may occur in clinical
settings. Importantly, this assay measured the capacity of NK cells to clear T cells that
effectively emerged from latency in the last 24 h of 3-days exposure to LRAs as determined
by viral proteins expression (p24+ cells). Of note, the ~20% NK-cell mediated clearance of
reactivated HIV+ cells measured in untreated cultures in 10 donors was overall not changed
in parallel ROM cultures though, more specifically, virus suppression was increased by
ROM in 3 donors, reduced in 6 donors and not affected in 1 donor. These results indicated
that stimulation of the NKG2D/NKG2DLs axis could be contrasted by some deleterious
effect(s) of ROM, such as inhibition of NK cell cytotoxicity described earlier [31,32,35],
with a net balance between these opposite activities that varied from one donor to another.
However, when ROM was combined with PRO, more donors responded positively, with
an overall significantly higher NK cell-mediated suppression of reactivated p24+ cells.
Although not reaching statistical significance, the sole treatment with PRO resulted in
enhanced virus suppression, in agreement with previous reports in which NK cells were
exposed to PRO only before or during the killing assay [31,32,35]. Importantly, by pre-
incubating NK cells with anti-NKG2D blocking antibody, we were able to demonstrate
that ROM/PRO augmented the function of NKG2D in NK cell-mediated suppression of
p24+ target cells as compared with single drug treatments, thus providing evidence that
the pathways mediating NK cell recognition and killing of T cells harboring reactivated
HIV can be specifically modulated by the administered LRAs.

The present study has limitations since experiments have been performed using
in vitro models of HIV latency, hence further investigations in ex vivo ART patient-derived
cells are needed. At any rate, in vitro experiments have been so far instrumental to address
various important aspects of latency reversal and there is an overall good concordance
between studies based on experimental models of HIV latency in primary CD4+ T cells
and ex vivo studies when the same conditions were adopted.

Overall, our results endorse the importance of studying the impact of LRAs on the
capacity of NK cells to kill CD4+ T cells that exit from HIV latency and provide a path
for NK cell potentiation towards the clearance of the viral reservoir. On one hand, our
data add novel evidence that single HDACi administration is unlikely to be effective in a
‘shock-and-kill’ strategy on the basis of their general toxicity in primary CD4+ T and NK
cells as well as their inability to elicit NK cell-mediated clearance of reactivated HIV+ T cells
when both cell types are exposed to the moderately toxic ROM. Apparently, the capacity of
ROM to enhance expression of MICA/B on p24+ targets and NKG2D on NK cells was not
sufficient to induce killing. On the other hand, as shown for PRO combined with ROM, co-
administration of a PKCa has the potential to negate the inhibitory effect of HDACi on cell
viability and enhance HIV reactivation, as well as to up-modulate ULBP2 and its cognate
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NKG2D receptor, ultimately boosting the NKG2D-mediated viral suppression by NK cells.
On the basis of preliminary tests in J1.1 cells and/or PBMCs, the proteasome inhibitor BOR
and the GS-9620 TLR-7 agonist were excluded from further analysis in combination with
HDACi because of their toxicity and antagonistic effects on HIV reactivation/NKG2DL
expression, respectively.

At present, HDACis and other drugs that entered as LRAs into clinical trials were
selected on the basis of their known safety in the treatment of cancer or different diseases.
However, novel LRAs with improved efficacy, specificity, and safety profiles are continu-
ously being developed, offering an enormous potential for optimizing strategies towards
an HIV cure. Among candidate LRAs there are various synthetically produced analogs of
PRO that are more accessible than the original naturally-occurring compound and, impor-
tantly, are more efficacious as LRAs in ex vivo assays [77]. Analogously, several synthetic
BRY analogs (bryologs) potentiated in their capacity to reactivate HIV in vitro and ex vivo
and better tolerated in humanized mouse models have been developed [78]. In addition, a
plethora of compounds derived from the ingenol ester PKCa showing tolerable levels of
toxicity and significantly improved efficacy as LRAs in CD4+ T cells from ART patients
were made available [79]. Very promising LRAs also include class I-specific HDACis such
as Entinostat, which was shown to selectively inhibit HDAC-1 and -2 while preserving the
activity of HDACi isoenzymes necessary for maximal HIV reactivation and without dis-
rupting the PKCa activity [65]. Interestingly, Entinostat enhanced NK cell-mediated killing
of tumors through both induction of MICA/B on target cells and NKG2D up-modulation
on NK cells in a cancer study [34], hence the impact of Entinostat on the NKG2D/NKG2DL
pathway in the context or NK cell clearance of reactivated HIV is worth being investigated
in future work. Of note, evidence was recently provided that ingenol derivatives and
bryologs can synergize with HDACis, including Entinostat, at reversing HIV latency in ex
vivo or in vitro assays [80,81].

In conclusion, while the present study describes that HIV latency reversal and NK-cell
mediated clearance of T cells harboring reactivated virus could be simultaneous addressed
by a targeted HDACi/PKCa combination, this strategy should be optimized in further
studies using more robust and less toxic recently identified compounds that offer great
promise for virus eradication in HIV-infected people.

4. Materials and Methods
4.1. Cells, Antibodies, and Reagents

J1.1 cells (NIH AIDS Reagent Program) and primary cells were maintained in complete
RPMI 1640 medium supplemented with 10% fetal bovine serum, 0.2 mM L-glutamine,
and 100 units/mL penicillin-streptomycin (all from Euroclone, Pero, Italy). PBMCs were
obtained by Ficoll separation of buffy coats from a donor bank. Primary NK and CD4+

T cells were isolated from PBMCs by negative selection with cell-type specific EasySep
CD4+ T-cell Enrichment Kit (Stem Cell Technologies, Vancouver, Canada) according to
manufacturer’s protocol. 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, San Diego, CA, USA) and the
following mouse monoclonal antibodies (mAbs) were used: CD3/AlexaFluor700 (UCHT1),
CD56/PerCpCy5.5 (B159), CD16/BV510 (3G8), from BD Pharmingen; NKG2D(CD314)/PE
(1D11), CD16/APC-eFluor780 (CB16), CD107a/FITC (H4A3) from eBioscience (San Diego, CA,
USA); CD8/APC (HIT8a), CD69/PE (FN50), DNAM-1(CD226)/FITC (11A8), NKp30/APC,
(P30-15), NKp44/PE (P44-8), NKp46/PE-Cy7 (9E2), NKG2D/Bv785 (1D11), MICAB/APC
(6DA), from BioLegend (San Diego, CA, USA); p24/FITC (KC57) from Beckman Coulter (Brea,
CA, USA); CD4/PE (MT310) from DAKO (CA, USA); MICA (AMO1) from BamOmaB (Gräfelf-
ing, Germany); MICB (MAB1599), ULBP2/5/6 (MAB1298) and ULBP2-5-6/PE (165903) from
R&D Systems (Minneapolis, MN, USA). As a secondary antibody, Alexa647- or Alexa488-
coniugated goat anti-mouse IgG (GAM) (Invitrogen/Thermo Fisher Scientific, Waltham, MA,
USA) was used.
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The anti-NKG2D (149810; R&D Systems) mAb or isotype control IgG1 (Eurobio-
sciences, Friesoythe, Germany) was used as blocking antibody in NK-cell killing assay.

Where indicated, cells were treated with 10 µM or 335 nM suberoylanilide hydroxamic
acid (Vorinostat, VOR), 20 or 10 nM Romidepsin (ROM), 20 nM Panobinostat (PAN), 1 µM
Prostratin (PRO), 3 µM GS-9620 (GS), 5 nM Bortezomib (BOR), 100 ng/mL phorbol-12-
myristate-13-acetate (PMA), 1 µg/mL Ionomycin (IONO), 10 µg/mL phytohemagglutinin
(PHA), or with equivalent amounts of dimethyl sulfoxide (DMSO) when used as solvent
(all from Sigma-Aldrich, St. Louis, MO, USA). Other reagents used were: 29 nM CCL19
(R&D Systems), cell proliferation dye eFluor450 (Thermo Fisher Scientific), and Golgi stop
(BD Pharmingen).

4.2. Flow Cytometry

To assess viability, cells were stained with LIVE/DEAD fixable NEAR-IR dead cell
stain kit according to manufacturer’s protocol (Life Technologies/Thermo Fisher Scien-
tific). The cell-surface and intracellular staining procedures were performed as described
previously [38]. Immunolabeled cells resuspended in 1% paraformaldehyde (PFA) were
acquired on Cytoflex (Beckman Coulter). 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 v2.1
(Beckman Coulter) or FlowJo v10 (BD Pharmingen).

4.3. Establishment and Reactivation of Latently Infected CD4+ T Cells

Resting CD4+ T cells cultures latently infected with HIV-1 were established and
then reactivated as previously described with minor modifications [40]. Briefly, purified
CD4+ T cells cultivated with 29 nM CCL19 (R&D Systems) for 1–3 days, were infected by
spinoculation with 300 ng p24/106 cells of NL4-3 HIV-1 (NIH AIDS Reagent Program)
pseudotyped with vesicular stomatitis virus glycoprotein (VSV-G), washed, and placed
back in culture in complete medium alone. At day 3 post-infection, latently infected CD4+

T cells were exposed to an HDACi (335 nM VOR, 10 nM ROM, or 20 nM PAN), either
alone or in combination with 1 µM PRO, to 10 µg/mL phytohemagglutinin (PHA), or
non-stimulated. Finally, cells were harvested and analyzed by FACS for their viability (at
24, 48, and 72 h post-stimulation) and for the expression of cell-surface NKG2DLs and
intracellular HIV p24 protein (72 h post-stimulation).

4.4. NK Cell-Mediated Killing of Reactivated HIV-1-Infected Cells

At day 3 post-infection, HIV-infected CD4+ T cells (targets, T) were stimulated with
10 nM ROM and/or 1 µM PRO or not treated (CTR); the same day, NK cells (effectors, E)
were purified from an aliquot of cryopreserved PBMCs of the same donor, labeled with
eFluor450 according to manufacturer’s protocol, and placed in culture with and without
stimuli (ROM, PRO, ROM/PRO, CTR). At 48 h post-stimulation, an aliquot of target cell
culture containing 2 × 105 cells was transferred in a new well either empty (targets alone)
or containing a pellet of 2 × 105 autologous NK cells that have been cultivated separately
for 48 h in the same treatment condition (E:T ratio of 1:1), gently mixed, and further
cultivated for 18 h. Cells were then fixed/permeabilized and stained for p24. Finally,
cells were acquired by FACS and the frequency of p24+ target cells (gated as eFluor450-)
was analyzed. The percent NK cell-mediated suppression of p24+ cells was calculated
with the following formula: 100 × [(%p24+ cells in targets − %p24+ cells in targets with
effectors)/(%p24+ cells in targets)]. Where indicated, NK cells were incubated with anti-
NKG2D blocking antibody or control IgG1 (1 µg/106 cells) for 15 min prior co-culture with
T cells. To measure NK-cell degranulation, anti-CD107a/FITC or isotype control IgG/FITC
was added after the 48 h treatment to NK:T co-cultures and cultures of NK cells alone; after
1 h, also Golgi stop was added (1:1500 final dilution) and cells were further cultivated for
17 h prior analysis of CD107a expression in NK cells gated as eFluor450+.
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4.5. 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.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22136654/s1.
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