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Including Killing of CD4* T Cells
Harboring Reactivated Human
Immunodeficiency Virus
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and Margherita Doria"™*

' Laboratory of Immunoinfectivology, Immune and Infectious Diseases Division, Bambino Gesu Children’s Hospital, IRCCS,
Rome, ltaly, 2SIMT, Policlinico Tor Vergata, Rome, Italy, ® Department of Biomedicine and Prevention, Universita degli
Studi di Roma Tor Vergata, Rome, Italy

In the attempt of purging the HIV-1 reservoir through the “shock-and-kill” strategy, it is
important to select latency-reversing agents (LRAs) devoid of deleterious effects on the
antiviral function of immune effector cells. Here, we investigated two LRAs with PKC
agonist activity, prostratin (PRO) and bryostatin-1 (BRY), for their impact on the function
of natural killer (NK) cells, the major effectors of innate immunity whose potential in HIV-1
eradication has emerged in recent clinical trials. Using NK cells of healthy donors, we
found that exposure to either PRO or BRY potently activated NK cells, resulting in upmod-
ulation of NKG2D and NKp44 activating receptors and matrix metalloprotease-mediated
shedding of CD16 receptor. Despite PRO and BRY affected NK cell phenotype in the
same manner, their impact on NK cell function was diverse and showed considerable
donor-to-donor variation. Altogether, in most tested donors, the natural cytotoxicity and
antibody-dependent cellular cytotoxicity (ADCC) of NK cells were either improved or
maintained by PRO, while both activities were impaired by BRY. Moreover, we analyzed
the effect of these drugs on the capacity of treated NK cells to kill autologous latently
infected CD4+ T cells reactivated via the same treatment. First, we found that PRO but not
BRY increased upmodulation of the ULBP2 ligand for NKG2D on reactivated p24+ cells.
Importantly, we showed that clearance of reactivated p24+ cells by NK cells was enhanced
when both targets and effectors were exposed to PRO but not to BRY. Overall, PRO had
a superior potential compared with BRY as to the impact on key NK cell functions and
on NK-cell-mediated clearance of the HIV-1 reservoir. Our results emphasize the impor-
tance of considering the effects on NK cells of candidate “shock-and-kill” interventions.
With respect to combinative approaches, the impact on NK cells of each LRA should
be re-evaluated upon combination with a second LRA, which may have analogous or
opposite effects, or with immunotherapy targeting NK cells. In addition, avoiding co-
administration of LRAs that negatively impact ADCC activity by NK cells might be essen-
tial for successful application of antibodies or vaccination to “shock-and-kill” strategies.

Keywords: HIV, latency-reversing agents, protein kinase C agonists, prostratin, bryostatin-1, natural killer cell
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INTRODUCTION

In HIV-1-infected individuals, antiretroviral therapy (ART)
drastically reduces plasma viral loads and hinders clinical
progression, yet it fails to totally eradicate the virus that per-
sists in a transcriptionally quiescent form in latently infected
cellular reservoirs such as resting memory CD4* T cells (1, 2).
From HIV-1 reservoirs, the virus rapidly rebounds once ART
is interrupted (3); hence, patients must stay on therapy for life
and face several long-term health risks. For these reasons, major
efforts have been made in recent years to identify strategies for
eradicating HIV-1 reservoirs through the activation of provirus
transcription followed by elimination of cells harboring reac-
tivated virus by viral cytopathic effects or by the host immune
system, an approach referred to as “shock-and-kill” (4). Various
drugs belonging to distinct functional categories, such as histone
deacetylase inhibitors (HDACis) and protein kinase C agonists
(PKCas), serve in vitro as HIV-1 latency-reversing agents (LRAs)
in T cell lines and primary CD4* T cell models. In fact, by acting
at the level of chromatin organization or via the PKC signaling
pathway, respectively, HDACi and PKCa elicit the recruitment
of activating transcription factors (e.g., NF-kB, AP-1, and NFAT)
at the HIV-1 long terminal repeat (LTR) region, leading to virus
reactivation [reviewed in Ref. (5, 6)]. In addition, HDACi and
PKCa can stimulate HIV-1 transcription through increased
expression and/or recruitment at the viral promoter of positive
transcription elongation factor b (P-TEFb) (7, 8). Of note, among
several tested LRAs, only PKCas are effective at inducing ex vivo
HIV-1 transcription in cells isolated from ART-treated aviremic
patients (9-11).

Unfortunately, initial clinical trials in which HDACis (i.e.,
Vorinostat—SAHA—Panobinostat, and Romidepsin) were
administered to patients on ART found no, or only modest,
reduction of the HIV-1 reservoir size despite increased levels of
cell-associated HIV-1 RNA (12-14). Alongside, various studies
provided evidence that cytotoxic CD8* T cell (CTL) responses
of patients cannot efficiently clear infected cells after the reversal
of latency, likely due to the low frequency or poor functionality of
HIV-1-specific CTLs (15, 16) and/or to the accumulation of CTL
escape mutations within latent HIV-1 genomes (17). Moreover,
HDACis were shown to suppress in vitro the function of CTLs,
hence inhibiting their capacity to eliminate HIV-infected CD4*
T cells (18-20). At present, bryostatin-1 (BRY), a natural macro-
cyclic lactone clinically used as an anticancer agent (21), is the
only PKCa that has been administered to ART-treated patients
(22). However, in this pilot trial implying a single dose of BRY,
neither PKC activation nor transcription of latent HIV-1 were
induced, thus new trials assessing higher doses and/or multiple
administrations of BRY are needed. Other notable PKCas that,
analogously to BRY, are effective at reactivating latent HIV-1 ex
vivo but have not yet been tested for this activity in vivo, include
prostratin (PRO), a non-tumor promoting phorbol ester isolated
from plants, and derivatives of ingenol ester (10, 11).

Overall, results from pilot HIV-1 eradication studies suggest
that boosting the antiviral immune response of patients might
be essential to eliminate the viral reservoirs reactivated by LRAs.
Indeed, various immunotherapies that may be combined with

LRA administration are been developed, including HIV-1 vac-
cines, monoclonal antibodies (mAbs) engaging Fcy-receptor
bearing cells to mediate antibody-dependent cellular cytotoxic-
ity (ADCC), and dual-affinity retargeting proteins that direct
CTL killing of infected target cells [reviewed in Ref. (23, 24)]. In
addition, recently reported evidences suggest that natural killer
(NK) cells, the major effector cells of the innate immune system,
have an important role, possibly superior to that of CTLs, in the
context of HIV-1 eradication strategies. A key feature of NK cells
is their constitutive cytotoxic activity against virus-infected as
well as tumor cells that is independent of prior antigen exposure,
hence not affected by escape mutants, and is regulated through
the balance of signals delivered by activating and inhibitory
receptors (25). NK cells can also kill antibody-coated targets
via ADCC and regulate immune responses via cytokines and
chemokines production as well as by cell-to-cell interactions
(26). Work from various laboratories including our own has
shown that HIV-1-infected T cells are exposed to NK cell recog-
nition and killing due to virus-induced upregulation of ligands
for the activating NKG2D receptor (27-31), a phenomenon that
is maintained also in latently infected CD4* T cells once the
virus is reactivated, as we showed in a recent report (32). Of
note, in a clinical trial employing Panobinostat to reverse HIV-1
latency in patients on ART, the expansion of activated NK cells,
not HIV-1-specific CTLs, was the major correlate of viral DNA
decline (33). Moreover, reported results from ongoing clinical
trials indicate that latency-reversing treatment with Vorinostat
or with a toll-like receptor 9 agonist potently boosts the function
of NK cells in ART patients (34-36). Although not yet supported
by data from clinical trials, administration of LRAs with PKCa
activity may stimulate the function of NK cells. Indeed, extensive
experimental evidence based on the use of PKC inhibitors or
knockout mice demonstrated that PKC has an essential role in
virtually all NK cell functions, including cytotoxicity, ADCC,
and IFN-y production (37-39). One recent report showed that
pre-exposure of purified NK cells to PRO did not affect their
capacity to kill an established NK-cell tumor target (K562
cells) but increased their capacity to suppress HIV-1 replica-
tion in vitro in a T cell culture, while treatment with a different
PKCa, Ingenol-B, had an inhibitory effect on both functions
(40). Although BRY has been used in several trials to treat cancer
(21) and its capacity to sensitize acute myeloid leukemia cells to
NK-cell-mediated killing has been reported (41), it is not known
at present if BRY may directly influence NK cell activity against
tumor or infected cells.

As it is critical to understand the impact of PKCas on the
function of NK cells needed to clear HIV-1-infected targets, we
performed a comprehensive analysis of the effects of PRO and
BRY on NK cells purified from healthy subjects. We found that
both drugs activate NK cells modifying their phenotype. We
also measured the cytotoxicity against tumor targets and ADCC
showing that, despite donor-to-donor variations exist, NK cell
function is generally maintained, if not enhanced, after exposure
to PRO but impaired by BRY. Most importantly, we report that
PRO but not BRY enhances NK-cell killing of autologous CD4*
T cells harboring reactivated HIV-1 when both effectors and
targets are exposed to the drugs in vitro.
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MATERIALS AND METHODS

Cells, Antibodies, and Reagents

All cells (primary NK and CD4* T cells, K562, Raji) were main-
tained in complete RPMI 1640 medium supplemented with 10%
fetal bovine serum, 0.2 mM L-glutamine, and 100 U/ml penicillin-
streptomycin (all from Euroclone).

PBMCs were obtained by Ficoll separation of bufty coats or
intravenous blood samples from a donor bank. Ethical committee
approval and written informed consent from all participants were
obtained, in accordance with the Declaration of Helsinki.

Primary NK and CD4" T cells were isolated from PBMCs by
negative selection with Dynabeads Untouched Human NK Cells
Kit (Invitrogen-Life Technologies) and EasySep CD4* T-cell
Enrichment Kit (Stem Cell Technologies), respectively, according
to the manufacturer’s protocol.

The purity of isolated NK (CD3-CD56*CD167*) and CD4*
T cells (CD3*CD4*) was assessed by immunolabeling and FACS
analysis.

For flow cytometric analysis, the following mouse mAbs were
used: CD3/AlexaFluor700 (UCHT1), CD56/PerCpCy5.5 (B159),
CD16/BV510 (3G8), CD4/PerCp (L200), CD69/PE (FN50), and
conjugated mouse IgG for isotype control staining from BD
Pharmingen; CD56/PerCp (MEM-188) from Thermo Fisher
Scientific; NKG2D (CD314)/PE (1D11), CD3/APC (UCHT1),
and CD16/APC-eFluor780 (CB16) from eBioscience; CD107a/
FITC (H4A3), DNAM-1 (CD226)/FITC (11A8), NKp30/PE
(P30-15), NKp44/PE (P44-8), and anti-NKp46/PE-Cy7 (9E2)
from BioLegend; p24/FITC (KC57) from Beckman Coulter;
MICA/B (MAB13001) and ULBP2/5/6 (MAB1298) from R&D
Systems. As a secondary antibody, Alexa647-coniugated goat
anti-mouse IgG (GAM) (Invitrogen) was used.

The mAbs employed in Western blotting were anti-ADAM17
(111633; R&D Systems) and anti-GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) (MAB374; Millipore). As second-
ary antibody, we used horseradish peroxidase-conjugated GAM
(Cell Signaling).

The anti-NKG2D (149810; R&D Systems) mAb and isotype
control IgG; were used in cytotoxicity assays.

Where indicated, cells were treated with 10 pg/ml phytohe-
magglutinin (PHA), 1 or 10 uM PRO (both from Sigma-Aldrich),
5and 10 nM BRY (Santa Cruz Biotechnology), 12.5 ng/ml IL-15
(Peprotech), 25 uM matrix metalloproteinase inhibitor III
(MMPI-III; Calbiochem), and 29 nM CCL19 (R&D Systems).

Flow Cytometry

To assess viability, cells were stained with the LIVE/DEAD fix-
able NEAR-IR dead cell stain kit according to the manufacturer’s
protocol (Life Technologies). To stain CD107a, cell cultures were
supplemented with CD107a/FITC mAb (or control IgG,/FITC)
and, after the first hour, with Monensin (Golgi stop, diluted
1:1,500; BD Pharmingen) and 10 pg/ml Brefeldin A (Sigma-
Aldrich). The following procedures were performed in PBS
containing 0.5% BSA and 0.1% NaNG. To label cell-surface mole-
cules, cells were incubated for 20 min at 4°C with specific mAbs
(if not conjugated, a second incubation with GAM-Alexa647 was

performed after a wash). For detection of intracellular p24, cells
were fixed and permeabilized with BD Biosciences reagents, then
incubated at room temperature for 30 min with p24/FITC mAb.
All immunolabeled cells were finally washed, resuspended in 1%
paraformaldehyde (PFA), and acquired on a FACSCanto II (BD
Biosciences) or Cytoflex (Beckman Coulter). Positive cell gating
was set using fluorescence minus one control. Mean fluorescence
intensity (MFI) was subtracted of the value obtained with isotype
control antibody. Data analyses were performed using Flow Jo
software (Tree Star).

Enzyme-Linked Immunosorbent Assay
(ELISA)

Natural killer cells were seeded at 3.5 X 10ml in complete
medium alone or supplemented with 1 uM PRO or 10 nM BRY
and cultivated for 5 h. Cell culture supernatant was collected and
analyzed with the Human FCGR3A/CD16A ELISA kit (LifeSpan
BioScience) following the manufacturer’s instructions to measure
sCD16 amounts.

Western Blotting

Natural killer cells were lysed as described previously (42),
then 20 g of total cell lysate was separated on 10% SDS-PAGE
and immunoblotted with primary (specific for ADAMI17 and
GAPDH) and secondary antibodies. The protein-specific sig-
nals were detected with Pierce ECL substrate (Thermo Fisher
Scientific) and quantified by densitometry.

NK-Cell Cytotoxicity Assays

Flow cytometry-based cytotoxicity assays were performed using
K562 cells as targets and primary NK cells treated with 10 pM
PRO or 5 nM BRY or not treated (nt) for 18 h following a previ-
ously described method (43) with minor modifications. Briefly,
NK cells were labeled with 5 uM 5,6-carboxyfluorescein diacetate
succinimidyl ester (CFSE; Sigma-Aldrich) for 7 min at 37°C,
washed twice, then seeded with 2 X 10° K562 cells at different
effector-to-target cell (E:T) ratios in a 96-well plate for 4 h at 37°C
5% CO,. Then, cells were labeled with 5 pg/ml 7-aminoactinomy-
cin D (7-AAD; Sigma-Aldrich) for 20 min at +4°C, washed, and
fixed with 1% PFA. For each E:T ratio, 20,000 target cells (gated
as CFSE~) were acquired by FACS. The percentage of specific
lysis was calculated as follows: 100 X (% 7-AAD™ target cells in
sample — basal % 7-AAD* target cells)/(100 — basal % 7-AAD*
target cells). The specific lysis derived from three E:T ratios per
sample was conversed to lytic units (LU), defined as the number
of effector cells required to lyse 20% of 2 X 10° target cells (44),
and results were expressed as the number of LU contained in 107
NK cells.

ADCC Assay

PBMC:s (effectors) freshly isolated from intravenous blood sam-
ple were cultivated for 18 h in medium alone or supplemented
with 1 uM PRO or 10 nM BRY, labeled with CFSE as described
above, then added to plates (3 x 10°/well).

To prepare targets, 5 X 10° Raji cells were pre-coated or not
with Rituximab (Rtx; anti-hCD20-hIgG1; InvivoGen) at 20 pg/ml
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for 30 min on ice. Next, Rtx* or Rtx~ Raji were added to CFSE*
PBMCs at a 10:1 E:T ratio (3 x 10*/well) for 4 h at 37°C 5% CO..
Finally, as described above, after 7-AAD labeling, 20,000 CSFE~
target cells were acquired by FACS, and the overall percentage
of lysis was calculated. The percentage of ADCC was calculated
using the following formula: 100 X (% 7-AAD*" targets Rtx* with
effectors — % 7-AAD* targets Rtx~ with effectors)/(% 7-AAD*
targets Rtx* with effectors).

Establishment and Reactivation

of Latently Infected CD4+ T Cells

Primary CD4* T cells cultures infected with HIV-1 were
established and then reactivated as previously described (45)
with minor modifications. Briefly, purified CD4* T cells were
cultivated with 29 nM CCL19 for 1-3 days. After this period, the
quiescent state of the cells was verified by excluding the presence
of CD69*, CD25%, and HLA-DR* cells by FACS analysis. Then,
cells were infected by spinoculation with 300 ng p24/10° cells of
NL4-3 HIV-1 (NIH AIDS Reagent Program) pseudotyped with
vesicular stomatitis virus glycoprotein, washed, and placed back
in culture in complete medium without chemokine or cytokines.
To activate the virus, latently infected CD4* T cells were exposed
to 10 pg/ml PHA, 1 pM PRO, or 10 nM BRY, or not stimulated
(ns) at day 3 post-infection. Finally, at 72 h post-stimulation,
cells were harvested and analyzed by FACS for intracellular p24
accumulation and cell-surface NKG2DLs expression.

RT-gPCR

Total RNA was extracted with TRIzol (Life Technologies) from
latently infected and control non-infected CD4* T cells 24 h after
treatment with 1 pM PRO, 10 nM BRY, or medium alone (ns).
Aliquots (2 pg) of total RNA were used to generate cDNA using
random hexamers, and the resulting cDNA (25 ng) was amplified
in triplicate using the SensiFAST SYBR Green PCR master mix (all
from Bioline). The qPCR reactions were performed using primers
for MICA, MICB, ULBP2, and PIGS as previously described (32).

NK-Cell-Mediated Killing of Reactivated

HIV-1-Infected Cells

Primary HIV-1-infected CD4" T cells (targets) reactivated with
1 uM PRO or 10 nM BRY or nt were collected 54 h post-stimulation
and further cultivated for 18 h in the same treatment conditions
(nt, PRO, or BRY) either alone or together with NK cells (effectors)
purified from a cryopreserved aliquot of PBMC:s of the same donor
at an E:T ratio of 1:1. Prior to incubation with targets, NK were
treated with saturating amounts of anti-NKG2D blocking antibody
(1 pg/109 cells) or control IgG; for 15 min. Cells in the co-culture
were then fixed/permeabilized and stained for p24 and CD3.
Finally, 7,000 target cells (gated as CD3*) were acquired by FACS.
The percent NK-cell-mediated killing of p24* cells was calculated
with the following formula: 100 X (% p24* cells in targets — % p24*
cells in targets with effectors)/(% p24* cells in targets).

Statistical Analysis
All experiments have been performed independently at least
three times. GraphPad Prism 6.0 software was used to perform

all statistical analyses. A value of P < 0.05 was considered statisti-
cally significant.

RESULTS

PRO and BRY Activate NK Cells

Affecting Their Phenotype

Primary NK cells were isolated from PBMCs of healthy
donors by negative selection with an average purity of 92 + 2%
(mean + SD) calculated as percentage of CD3-CD56*CD16%/~
cells by FACS analysis (Figure 1A), and cultivated for 18, 46,
and 76 h in the presence of PRO or BRY at concentrations
that effectively reverted HIV-1 latency in in vitro models (1
and 10 uM PRO, 5 and 10 nM BRY) (10, 46-48), or without
drugs (nt). In all conditions, the viability of NK cells was not
significantly affected (Figure 1B), thus we decided to use for
most experiments in this study the lowest dose (1 uM) of PRO
for which toxicity is not known, and the 10 nM concentration
of BRY that is required for ex vivo latent HIV-1 reactivation
(9, 11). First, we evaluated the cell-surface expression of CD69
and CD107 markers of cell activation and degranulation,
respectively, after 3, 6, and 18 h of culture in the presence of
PRO, BRY, or a physiologic stimulation, i.e., 12.5 ng/ml of
IL-15. As shown in Figures 1C,D, both drugs induced NK cell
activation more rapidly (i.e., clearly detectable after 3 h) and to
a much higher extent, especially PRO, if compared with IL-15
in terms of frequency of CD69* cells (9 + 4, 94 + 3, 85 + 0.1,
and 42 + 11% after 18 h in nt, PRO, BRY, and IL-15 cultures,
respectively; n = 4, mean + SEM). In addition, the basal per-
centage of CD107a* cells that underwent degranulation in nt
cultures did not increase in the presence of IL-15 (17 + 4 vs
12 + 4% at 18 h), but was rapidly and potently enhanced by
the addition of PRO and BRY, the former having the strongest
effect (76 + 9 and 61 + 8%, respectively, at 18 h). Moreover,
by measuring after 18 h the cell-surface expression of various
NK-cell-activating receptors, we found that both PRO and BRY
shared the capacity of IL-15 to upmodulate NKG2D and NKp44
in terms of frequency of expressing cells as well as receptor
MFI, while none of the treatments changed basal expression of
DNAM-1, NKp46, and NKp30 (Figure 1E). On the other hand,
exposure to PRO or BRY resulted in a drastic reduction of CD16
(FcyRIIIa) receptor levels both as % CD16™ cells (22 + 11 and
30 + 9, respectively, vs 73 & 6% in nt cells; n = 8) and CD16
MFI (93 + 41 and 145 + 69, respectively, vs 517 + 129% in nt
cells), while IL-15 had no effect (Figure 1E). Downregulation of
CD16 by PRO or BRY was also monitored at various time points
(from 3 to 76 h of treatment), showing that the effect of the
drugs was very rapid, starting at 3 h in parallel with CD69 and
CD107 upregulation and reaching a maximum between 6 and
18 h (Figure 1F). At later time points, the cell-surface expres-
sion of CD16 was progressively reconstituted and completely
resumed at 76 h (Figure 1F). Overall, results indicate that PRO
or BRY induce activation of NK cells more potently than IL-15
resulting in rapid degranulation and loss of CD16 expression.
In addition, PRO or BRY increased expression of NKG2D and
NKp44 activating receptors similar to IL-15.
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FIGURE 1 | Prostratin (PRO) and bryostatin-1 (BRY) activate natural killer (NK) cells and modulate activating receptors. (A) The purity of NK cells isolated from
PBMCs was examined by flow cytometry measuring the frequency of CD3-CD56+*CD16+~ cells. (B) NK cells were cultured for 18, 46, and 76 h in medium alone
[not treated (nt)] or supplemented with 1 or 10 uM PRO, or with 5 or 10 nM BRY. The viability of gated NK cells was examined by LIVE/DEAD staining and
expressed relatively to nt cells set at 100%. Bars represent mean + SEM (n = 3). (C-F) NK cells treated or not with 1 uM PRO, 10 nM BRY, or 12.5 ng/ml of IL-15
were examined at various time points as indicated (C,D,F) or after 18 h only (E) for the expression of various markers: (C,D) the frequency of CD69* and CD107a*
NK cells among nt (filled gray histograms, gray percentages) and treated cells (open histograms, black percentages) is shown together with control IgG signal
(dashed line) for a representative experiment (C) and as mean + SEM (D); (E,F) mean + SEM of both percentage of positive cells and mean fluorescence intensity
(MFI) for NKG2D, DNAM-1, NKp46, NKp44, NKp30, and CD16 is shown. Experiments were performed with at least three independent donors [up to eight in panel
(E)]. *P < 0.05, **P < 0.01, and ***P < 0.001 by paired t test.

PRO and BRY Downregulate CD16 on
NK Cells via Matrix Metalloprotease
(MMP)-Mediated Shedding

Previous studies have shown decreased CD16 expression on
NK cells activated with strong stimuli such as PMA, two cytokine

combination (e.g., IL-12 plus IL-18), triggering via anti-CD16
antibody or co-culture with transformed or antibody-coated
cell targets (49-53). Through the use of chemical inhibitors, the
activity of MMPs was shown to be crucial for CD16 downregula-
tion in NK cells activated with different stimuli (50-53), while
the function of protein kinases including PKC is unclear, as yet,
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being required for the downregulation of CD16 by PMA but
not by anti-CD16 antibody (49).

Then, to investigate whether PRO and BRY induced proteo-
lytic shedding of CD16 from NK cells, we measured by ELISA
the amount of soluble CD16 (sCD16) released in the extracel-
lular medium after 5 h of treatment. Results showed that puri-
fied NK cells spontaneously release some sCD16 in the culture
medium (9 + 1 pg/ml, n = 4; Figure 2A) and that this amounts
were consistently higher if PRO was present in the culture
(16 + 2 pg/ml, P = 0.007). A trend toward increased sCD16
levels was also observed in cultures of NK cells supplemented
with BRY (13 + 3 pg/ml, P = 0.059). Next, to determine whether
MMPs play a role in CD16 shedding induced by PRO and
BRY, a broad spectrum MMP inhibitor (MMPI-III, 25 uM) or
equivalent amounts of solvent (DMSO) were added to NK cells
in 18-h cultures together with PRO or BRY or in the absence of
these drugs (nt). Both MMPI-III and DMSO had no effect on
NK cell viability (data not shown) or on basal CD16 expression
on nt cells (Figures 2B,C). On the other hand, the inhibitor, not
its solvent, completely abolished CD16 downregulation by PRO
or BRY, as indicated by full restoration of CD16* NK-cell percent-
age (Figures 2B,C). Moreover, given that disintegrin and metal-
loprotease 17 (ADAM17) is the principal MMP involved in CD16
shedding in NK cells activated with PMA or IL-12/IL-18 (53, 54),
we analyzed by western blotting the levels of ADAM17 expression
in NK cells treated for 18 h with PRO, BRY, or untreated. Of note,
the mature catalytic form (80 kDa) of ADAM17 was detected at
higher intensity in extracts of PRO- and BRY-treated cells if com-
pared with nt cells, with a median induction of 2.5- and 1.5-fold,
respectively, in three independent experiments (Figures 2D,E).
These results suggest that CD16 downregulation induced by PRO
and BRY in NK cells results from the activity of cellular MMPs
including ADAM17 that mediate CD16 cleavage and release from
the cell membrane.

Impact of PRO and BRY on NK-Cell

Functionality

Next, we assessed whether PRO or BRY treatment has an impact
in the cytotoxic function of NK cells. First, NK cells purified from
four healthy donors were cultivated for 18 h with either PRO or
BRY and, in parallel, with IL-15 or without stimuli (nt), then
incubated in a 4-h lysis assay at various effector-to-target (E:T)
ratio with K562 cells, a tumor cell line that serves as established
target of NK cytotoxicity. Pre-treatment with IL-15 consistently
boosted NK-cell cytotoxic activity if compared with nt control
(Figures 3A,B). A similar effect was observed for PRO in two
donors (one is shown in Figure 3A), but the median cytotoxic-
ity of PRO-treated NK cells of four donors did not differ sig-
nificantly from that of nt cells (Figure 3B). Conversely, BRY did
not stimulate NK-cell activity but rather inhibited cytotoxicity
in three donors (an example is shown in Figure 3A), resulting
in a nearly significant fourfold inhibition across all donors
(Figure 3B; P = 0.057). Moreover, as CD16 downregulation may
affect antibody-mediated recognition of targets, we compared the
ADCC activity of nt NK cells with that of PRO- or BRY-treated
NK cells. To this end, we set up a FACS-based cytotoxicity assay
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FIGURE 2 | CD16 is shed from natural killer (NK) cells upon exposure

to prostratin (PRO) or bryostatin-1 (BRY). (A) Soluble CD16 (sCD16) was
measured in the media of NK cells after 18 h culture without [not treated (nt)]
or with the addition of 1 uM PRO or 10 nM BRY. Each symbol represents
one donor (n = 4). The mean + SEM is reported. (B,C) NK cells were
pre-exposed to 25 uM MMPI-IIl inhibitor or equivalent amounts of DMSO

for 1 h, then 1 uM PRO or 10 nM BRY were added or not for 18 h and finally
analyzed for cell-surface CD16 expression. (B) Histograms show CD16 signal
on nt, PRO- and BRY-treated cells either exposed to MMPI-IIl (filled gray
histograms) or to DMSO (solid line) in one representative experiment. Signal
of control IgG (dashed line) and the frequency of CD16* cells (gray or black
when MMPI-IIl or DMSO are present, respectively) are also shown. (C) Bars
represent mean + SEM (n = 3). (D) The catalytic 80 kDa form of ADAM17
(top) and GAPDH as internal control (bottom) were detected by western
blotting analysis of total protein extracts of nt, PRO- and BRY-treated

NK cells. Molecular mass standards are indicated (kDa). (E) Quantification

of ADA17 induction by PRO and BRY relative to nt condition. The ADA17
signal normalized for GAPDH signal was quantified and divided for the value
obtained in the nt sample. Data show mean + SEM of three independent
experiments like the one shown in (D). *P < 0.05 and **P < 0.01 by

paired t test.

using PBMCs freshly isolated from intravenous blood samples
and cultivated for 18 h with or without drugs as effectors and Raji
CD20* Burkitt’s lymphoma cells, pre-coated or not with Rituximab
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FIGURE 3 | Impact of prostratin (PRO) and bryostatin-1 (BRY) on natural
killer (NK)-cell cytotoxicity. (A) NK cells cultivated for 18 h without stimuli [not
treated (nt)], with 12.5 ng/ml of IL-15, 10 pM PRO or 5 nM BRY were tested
for cytotoxicity against K562 cell targets at the indicated E:T ratio. The
percent specific lysis of two representative experiments is shown. (B) The
NK cell-mediated lysis measured in four independent experiments like the
one shown in panel (A) was converted in lytic units (LU, mean + SEM). Each
symbol represents one donor. (C,D) NK cells treated for 18 h with 1 uM PRO
or 10 nM BRY or nt were tested against Raji cells coated or not with
rituximab (Rtx) monoclonal antibody. The efficiency of overall lysis (C) and
antibody-dependent cellular cytotoxicity (D) were measured in five donors.
The mean + SEM is reported. *P < 0.05 by paired ¢ test.

(Rtx, a recombinant anti-CD20-human IgGu.), as targets. In pilot
tests and throughout ADCC experiments, we found that CD16
downregulation on NK cells by PRO and BRY also occurred when
using the whole PBMC population rather than purified cells (data
not shown). Results obtained with five donors showed that coat-
ing with Rtx increased significantly the overall susceptibility of
Raji cells to lysis mediated by NK cells treated with PRO or nt, but
not by BRY-treated NK cells (Figure 3C). More specifically, the %
ADCC activity of nt NK cells was increased in 4/5 donors and in
only 1/5 donors by pre-treatment with PRO and BRY, respectively
(Figure 3D). On the other side, PRO and BRY treatment reduced
ADCC of NK cells 1/5 and 4/5 donors, respectively (Figure 3D).
Therefore, these drugs may either stimulate or inhibit ADCC,
likely as a result of the balance between opposite effects (i.e.,
NK-cell activation and CD16 downregulation; see Discussion).
Due to donor variability, the average % ADCC activity of NK cells

treated with BRY or PRO did not differ significantly from that of
untreated NK cells (Figure 3D).

Overall, despite considerable variability exists among indi-
viduals as to NK cell functionality in response to PRO and BRY,
our data suggest that both cytotoxicity against tumor targets
and ADCC activity of NK cells are generally maintained or even
enhanced after exposure to PRO but are frequently impaired
upon exposure to BRY.

PRO Upregulates ULBP2 Expression
on CD4+ T Cells With Reactivated HIV

We recently demonstrated that Vorinostat (SAHA) treatment of
CD4" T lymphocytes latently infected with HIV-1 induces the
expression of NKG2D ligands (NKG2DLs), specifically ULBP2
and, to a lesser degree, of MICA/B, on those cells that become
p24* (HIV-1 Gag capsid antigen), hence providing a proof of
principle that reactivated HIV-1 upregulates NKG2DLs and
exposes infected cells to NKG2D-mediated killing by NK cells
(32). To extend this analysis to PKCas, we investigated NKG2DLs
expression on CD4* T cells following HIV-1 reactivation by PRO
or BRY. Latent HIV-1 infection was established in primary resting
CD4* T cells pre-treated with CCL19 according to a previously
reported protocol (see Materials and Methods), then cells were
exposed for 72 h to 1 uM PRO, 10 mM BRY, or, as controls, acti-
vated with 10 pg/ml of PHA or not stimulated (ns), prior analysis
of intracellular p24 and cell-surface MICA/B and ULBP2 expres-
sion by two-color flow cytometry (representative and summary
data with four donors are shown in Figures 4A-D). We found
that treatment with PRO and BRY induced the appearance of
19 + 6 and 15 + 5% p24* cells, respectively, less efficiently than
PHA (30 + 11%), yet well above the levels due to endogenous
viral reactivation in ns cultures (4 + 2%) (Figures 4A,B). In addi-
tion, in line with the capacity of HIV-1 to upregulate NKG2DLs,
particularly ULBP2 (27-31), we found that expression of ULBP2 was
higher on p24* if compared with p24- cells (Figures 4C,D). On
the other hand, MICA/B expression was either absent or slightly
increased on p24* cells (Figure 4C shows a positive example), as
previously observed in Vorinostat-treated cultures (32), which
may be related to the elevated genetic polymorphisms and inter-
individual variability of MIC protein levels (55, 56). Interestingly,
the upregulation of ULBP2 on p24* vs p24~ cells consisted in a
modest increase of % ULBP2* cells in nt and in BRY-stimulated
cultures, while it was significantly higher in PRO-stimulated
cultures both as % ULBP2* cells and ULBP2 MFI on p24* cells
(Figure 4D). Therefore, although PRO and BRY display similar
latency reversal activity, only PRO can further enhance ULBP2
expression induced by reactivated HIV-1. To gain insight into
the mechanism, RT-qPCR analysis of ULBP2 mRNA was per-
formed in CD4" T cells that have been either latently infected
with HIV-1 or non-infected, then cultivated for 24 h in medium
alone (ns) or supplemented with PRO or BRY. Figure 4E shows
that latent HIV-1 infection resulted in a ~1.5-fold increase of
ULBP2 mRNA levels in ns CD4* T cells, albeit not statistically
significant, whereas the sole exposure to PRO or BRY lead to a
strong ULBP2 mRNA upregulation in non-infected cells (by 16-
and 10-fold, respectively); moreover, ULBP2 mRNA was further
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FIGURE 4 | ULBP2 is induced on latently infected CD4+* T cells upon HIV-1 reactivation by prostratin (PRO) and, to a lesser extent, by bryostatin-1 (BRY). To
establish viral latency, freshly isolated CD4* T cells were cultivated in the presence of CCL19 for 1-3 days, infected or not with HIV-1, and further cultured for 3 days,
as described in details in Section “Materials and Methods.” Then, cells were stimulated with 10 pg/ml phytohemagglutinin (PHA), 1 uM PRO, or 10 nM BRY, or not
stimulated (ns), further cultivated for 3 days and finally analyzed by two-color flow cytometry for the expression of intracellular p24 and cell-surface MICA/B and
ULBP2. (A) Representative dot plots show the frequency of reactivated p24+ cells gated on non-infected PHA-stimulated control cells. (B) Percentage of p24+ cells
was determined as shown in panel (A) in four independent experiments and normalized to HIV-infected PHA-treated cultures (mean + SEM). (C) Histograms show
MICA/B and ULBP2 fluorescence in the gated p24- (top panels) and p24+ (bottom panels) cell populations measured in a representative experiment on ns, PRO-
and BRY-stimulated cell samples. Signals obtained with control IgG (filled histograms) and the percentage of ligand-positive cells are shown. (D) ULBP2 expression
(mean + SEM), both% of positive cells and mean fluorescence intensity (MFI), was determined as shown in panel (C) in four independent experiments. (E) RT-gPCR
was used to assess ULBP2 mRNA levels in latently infected and in control non-infected CD4+ T cells cultivated for 24 h in ns, PRO, and BRY conditions. Results are
expressed relative to ns non-infected sample (set to 1). Mean + SEM values obtained in three independent experiments performed in duplicate are shown.

*P < 0.05 and P < 0.01 by paired t test. Values that differ significantly from ns non-infected samples in panel (E) are also indicated (*P < 0.05 by paired t test).

increased (up to 43-folds) when PRO but not BRY was added The Susceptlblhty to NK-C?"-Medlated
to latently infected cell cultures. These results suggest that PRO Killing of HIV-Infected CD4* T Cells That

and BRY upregulate ULBP2 at the transcriptional level and that Exit From Latency Is Increased by PRO
only PRO synergizes with reactivated HIV-1 at inducing ULBP2  Finally, we investigated the overall impact in NK-cell-mediated
expression. killing of latently infected CD4* T cells when both effector and
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target cells are exposed to PRO or BRY. To this end, we set up a
p24* cell reduction assay using autologous NK and CD4* T cells
purified from healthy donors (see Materials and Methods). In
brief, freshly isolated resting CD4* T cells were infected with
HIV-1 to establish viral latency, then cells were treated or not
with PRO or BRY as described above. After 54 h of treatment,
cells were collected, resuspended in the same treatment condition
(nt, PRO, or BRY) either alone or together with NK cells purified
from a cryopreserved aliquot of PBMCs of the same donor at
an E:T ratio of 1:1, and cultivated for further 18 h. Finally, the
frequency of p24* cells was measured by flow cytometry within
the target cell population gated as CD3* (Figures 5A,B show
the gating strategy). By comparing CD4* T with CD4* T 4+ NK
cultures for seven donors, we found that the frequency p24* cells
was similarly reduced by the presence of NK cells in nt and BRY
cultures (23 + 9 and 23 + 5% reduction, respectively), while a
significantly stronger reduction was observed in cultures of cells
exposed to PRO (45 + 5%) (Figures 5B,C show a representa-
tive set of results and summary data, respectively). These results
indicate that, when both effectors and targets are treated, PRO
but not BRY can enhance the NK-cell-mediated clearance of the
HIV-1 reservoir in CD4* T cells. In this assay, the contribution of
NKG2DLs to target cell lysis was investigated by preincubating
effectors cells with an anti-NKG2D mAb or with isotype control
IgG. In line with ULBP2 expression on targets, NK cell-mediated
killing of p24* cells was significantly reduced by the anti-NKG2D
mAb only in the presence of PRO (Figure 5D).

DISCUSSION

To select drugs for “shock-and-kill” interventions, it is important
to evaluate the efficacy at reversing HIV-1 latency as well as the
absence of deleterious effects on immune effector cells such as
those recently reported for various LRAs (19, 20, 40, 57). In
this study, we investigated two LRAs belonging to the group of
PKCa, PRO and BRY, for their impact on NK cell function, as the
potential of NK cells in HIV-1 eradication was lately underscored
(33-36).

Although the capacity of PRO and BRY to disrupt HIV-1
latency in vivo still awaits demonstration, various lines of evi-
dence make these drugs appealing LRA candidates. In fact, stud-
ies performed in vitro demonstrated that PRO and BRY efficiently
reverse HIV-1 latency in model systems based on T cell lines as
well as primary CD4* T cells (10, 46-48) and, differently from
other LRAs, are also effective at inducing HIV-1 transcription and
viral particle release in cells isolated from ART-treated patients
(9-11). This is consistent with the fact that stimulation of the
PKC pathway induces proviral expression by activation of NF-kB
and AP-1 that crucially regulate HIV-1 LTR transcription (6).
Specifically, PRO was shown to induce latent HIV-1 expression
via PKC-mediated phosphorylation and degradation of IkBa,
leading to the translocation of NF-kB into the nucleus where it
transactivates the viral LTR (47, 58). As for BRY, its activity on
latent HIV-1 was associated with activation of the PKC pathway
via the adenosine monophosphate-activated kinase (59). An
additional important feature shared by PRO and BRY is the
potential to inhibit de novo infection by reactivated virus through

the capacity to downregulate the HIV-1 receptor CD4 as well as
CCR5 and/or CXCR4 co-receptors (46, 58, 59).

Here, we demonstrated that PRO and BRY are potent activa-
tors of NK cells without affecting their viability. When compared
with stimulation with IL-15, PRO and BRY upmodulate NKG2D
and NKp44 to similar levels, but induced a faster and more
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FIGURE 5 | Prostratin (PRO) enhances the capacity of natural killer (NK) cells
to suppress HIV-infected CD4* T cells that exit from latency. A co-culture
assay of latently infected CD4+* T cells at day 2 post-stimulation with 1 pM
PRO or 10 nM bryostatin-1 (BRY) and autologous NK cells at a 1:1 E:T ratio
was performed overnight (18 h) in the presence of the same drug. Then, cells
were analyzed to measure the frequency of p24+ cells among gated CD3*
targets and calculate % reduction of 24+ targets by NK cells. (A) The CD3*
cell gate was set on cultures of targets alone, so that effectors cells were
excluded, as shown in control cultures of effectors alone as well as in
co-cultures of targets and effectors in a representative experiment.

(B) A representative set of results with PRO- and BRY-exposed cultures

as well as control not treated (nt) cultures is shown. (C) The NK-cell-
mediated p24+ cell killing was measured in seven independent

experiments and expressed as % 24+ killing (mean + SEM). (D) NK cells were
preincubated with anti-NKG2D monoclonal antibody (mAb) or isotype control
IgG immediately before the overnight co-culture with targets in nt, PRO, and
BRY conditions, then the % 24+ killing was calculated in three independent
experiments. *P < 0.05 by paired t test.

efficient degranulation and CD69 upregulation, furthermore
lead to rapid loss of CD16 expression analogously to strong
stimuli such as PMA or two-cytokine combinations (53, 54).
These results are partially consistent with a recent study showing
that treatment of NK cells with PRO resulted in higher cellular
activation and NKG2D expression, in lower CD16 levels, but
not in upregulation of NKp44 (40). Here, we further investi-
gated CD16 modulation and its impact on NK cell function.
We showed that CD16 downregulation by PRO or BRY was
due to enhanced sCD16 shedding mediated by MMP enzymes
which, most likely, included ADAM17. Indeed, the catalytic
form of ADAM17, that specifically cleaves CD16 among other
substrates (54), accumulated within NK cells after exposure to
PRO or BRY, in agreement with a previous report describing
increased ADAMI17 mRNA levels by a gene array analysis
of THP-1 cells treated with PRO (58). Besides CD16, various
receptors, cytokines, and adhesion molecules are validated
ADAM17 substrates, including molecule with important func-
tion in immune cell responses such as TNF-a and CD62L (60),
hence upmodulation of ADAM17 induced by PKCa may have a
multifaceted effect in the biology of NK cells.

While NK-cell activation and upregulation of NKG2D and
NKp44 may result in increased cytotoxicity against tumors
or infected cells, CD16 downregulation could hinder ADCC
activity of NK cells. However, although the phenotypic changes
induced by PRO and BRY were equivalent and reproducibly
observed in NK cells of all tested donors, heterogeneous
results were obtained by functional assays performed during
this study.

First, we found donor-to-donor differences in the impact of
PRO and BRY on NK-cell cytotoxicity against K562 cells in four
tested donors: in half the subjects PRO-stimulated cytotoxicity
but had no effect in the other half, while BRY inhibited cytotoxi-
city in three subjects and had no effect in one subject. Hence,
in those individuals who responded to treatment, the natural
cytotoxicity was increased by PRO and, unexpectedly, inhibited
by BRY. In addition, the ADCC activity against antibody-
coated Raji cells of NK cells from five donors was repeatedly
impaired by BRY (in four of five donors) but not by PRO

(in one of five donors). Remarkably, when not inhibited, ADCC
was rather stimulated (in one of five and four of five donors with
BRY and PRO, respectively). These results suggest that NK-cell
ADCC can be elicited by very low CD16 amounts and that
this activity is positively regulated by PKCas at levels distinct
from CD16 cell-surface density. Indeed, the activity of PKC is
required for ADCC, as this function is impaired in NK cells
pre-treated with a PKC inhibitor (38). Here, we found that,
along with CD16 shedding, PRO and BRY stimulate degranula-
tion and induce a generalized activation of NK cells that may
potentiate ADCC responses. It is thus possible that the ADCC
activity of PKCa-treated NK cells results from the balance bet-
ween inhibitory (i.e., CD16 downregulation) and stimulatory
(i.e., PKC-mediated signaling) events. Apparently, this balance
is subjected to inter-individual variation but is more often
shifted toward inhibition with BRY and, conversely, activation
with PRO.

In addition to investigating the general impact of PRO
and BRY on NK cells, we analyzed the effect of these drugs
on the capacity of treated NK cells to kill autologous latently
infected CD4% T cells reactivated via the same treatment.
First, we demonstrated that PRO but not BRY enhanced on
reactivated p24* cells the upmodulation of ULBP2, a ligand
for NKG2D that, when induced by HIV-1 in infected CD4*
T cells, activates NK-cell recognition and killing via NKG2D
triggering (28). These results are consistent with a model that
we recently proposed for which the NKG2D/NKG2DLs axis
could be exploited to clear HIV-1 reservoirs based on the fact
that latent virus and NKG2DLs are under the control of com-
mon regulatory pathways and can be simultaneously induced/
derepressed by LRAs (32). Here, we showed that both PRO and
BRY upregulated ULBP2 at the mRNA level in non-infected
CD4+ T cells, and that this effect was much higher exclusively
for PRO if cells were infected with HIV-1, suggesting that
some viral factor(s) synergizes with PRO at stimulating ULBP2
transcription. Most importantly, we showed that clearance of
reactivated p24* cells by NK cells was enhanced when both
targets and effectors were exposed to PRO but not to BRY.
The stimulatory effect of PRO on NK cell cytotoxicity against
PRO-treated p24* targets was repeatedly observed using cells
from six donors, thus it was not donor dependent as observed
when untreated K562 cells were used as targets (Figure 3B). We
hypothesize that ULBP2 upmodulation, invariably induced by
PRO in cells harboring reactivated virus, sensitize these cells to
recognition and killing by NK cells. In line with this model, the
presence of an anti-NKG2D antibody significantly reduced the
capacity of NK cells to kill p24* targets in PRO but not in nt or
BRY cultures (Figure 5D).

Our results confirmed and expanded data shown in two
recent reports that investigated the effects on NK cells of various
LRAs including Ingenol-B and PRO, whereas BRY has not been
tested. In a study by Garrido and colleagues, pre-treatment of
NK cells with PRO resulted in unchanged cytotoxicity against
K562 but in increased capacity to suppress HIV-1 replication in
along-term T cell culture, while both activities were impaired by
a distinct PKCa, Ingenol-B, or HDACis (40). In another study,
latently HIV-1-infected infected CD4" T cells were killed most
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efficiently in an NK co-culture assay if PRO, not HDACis, was
added (57). This latter set of results, however, was undermined
by the reported toxicity of PRO on NK cells, even though used
at low dose (0.3 uM). The toxic effect of PRO was not seen in our
NK co-culture assay, as 1 tM PRO had no effect on the viability of
either NK or T cells (Figure 1 and data not shown), neither it was
observed in other reported studies (20, 40). In addition, here we
measured the killing activity of NK cells against the most relevant
targets for an HIV-1 eradication strategy, namely, reactivated
p24* cell targets, rather than against the entire latently infected
T cell population (57).

An unexpected disclosure of this study consists in the fact
that PRO and BRY had opposite effects on various NK cell
functions despite these drugs shared similar capacity to activate
NK cells or affect their phenotype. Furthermore, PRO and BRY
similarly reactivated HIV-1 in latently infected CD4* T cells,
but had diversified effects on the virally induced expression
of ULBP2 that was further enhanced exclusively by PRO, with
important functional consequences for NK-cell recognition.
One possibility is that PRO and BRY have diverse effects on
specific PKC isoforms that include conventional (a, B, v), novel
(8, &, 1, 0), and atypical (G, 1/A) isoforms. To the best of our
knowledge, a systematic confrontation of PRO and BRY for their
impact on the various PKC isoforms was not performed. One
study showed that PKCx and, subsequently, PKCO are activated
by PRO during reactivation of latent HIV-1 (48), conforming
to a model in which PKCa acts upstream of PKCO in the T cell
receptor/CD28 pathways (61). Since PKCH is a key molecule
of NK cell intracellular signaling and antitumor immune
response (39, 62), its activation by PRO may also account for
the stimulatory effect of this drug on NK cell cytotoxicity. In
another study, BRY was shown to reactivate latent HIV-1 via
activation of PKCa and PKCS, while the specific effect on PKCO
was not investigated (59). Of note, following activation by BRY,
membrane-associated PKCa is quickly degraded (within 1 h),
more rapidly than with PMA or other PKC activators, and the
PKCa protein levels are drastically reduced for at least 72 h,
hence antagonizing phorbol esters re-stimulation (59, 63, 64).
Therefore, it is conceivable that, following PKCa depletion
induced by BRY, NK cells enter in a refractory phase for
PKC-regulated signaling pathways that mediate cytotoxicity or
ADCC. Further work is required to test whether the diverse
effects of PRO and BRY are due to differences in the nature
of targeted PKC isoforms and/or on the modality of activating
signals.

In summary, here we described distinct effects of BRY and
PRO on the function of NK cells that have implications for
the inclusion of these drugs in “shock-and-kill” strategies. We
have shown that BRY but not PRO inhibited the tumor cell
lysis and ADCC activities of NK cells in most tested donors.
In addition, by treating both effectors and targets, we showed
that PRO enhanced NK cell-mediated killing of T cells harbor-
ing reactivated HIV-1, while BRY was devoid of this capacity.
Overall, notwithstanding similar LRA activity, in this study PRO
outmatched BRY as to the impact on important NK cell func-
tions and on NK-cell-mediated clearance of the HIV-1 reservoir.
Of note, analogous results were reported for CD8" T cells in a

previous study showing that BRY but not PRO had inhibitory
effects on the suppressive capacity of HIV-1-specific CD8*
T cells derived from patients (20).

Our study was performed with cells purified from healthy
individuals and exposed to PRO and BRY in vitro, thus it has
limitations. Actually, chronic HIV-1 infection leads to pathologic
changes in NK cells, including redistribution of maturation sub-
sets, altered expression of inhibitory and activating receptors, and
defective functionality (65). ART-induced suppression of HIV-1
viremia has been reported to normalize subset distribution and
phenotype of NK cells, although there is no consensus on the
degree of NK-cell function restoration (65). Specifically, some
studies described lower NK-cell cytotoxicity (66, 67) or IFN-y
production, especially in ART patients with incomplete recovery
of CD4 counts (68, 69). For these reasons, the phenotypic and
functional outcomes of PRO and BRY should be confirmed with
cells from patients on ART and, ultimately, using ex vivo samples
collected from PRO or BRY trials.

In order to achieve significant clearance of the HIV-1 res-
ervoir, 2-LRA combinations are under investigation, including
combinations of PRO or BRY with a functionally distinct LRA
(e.g., HDACIi or P-TEFb activator) that result in synergistic
activation of latent HIV-1 (10, 11, 70). Various HDACis were
shown to inhibit the function of NK and T cells (20, 40, 57),
including Romidepsin that showed an adverse effect on T cell
activity overriding the stimulatory effect of PRO (20), thus
the overall impact of two-LRA combinations on antiviral
immune responses should be systematically tested. Moreover,
our results emphasize the importance of testing the impact of
LRAs on the ADCC activity of NK cells, which was done here
for the first time. Indeed, experiments performed in vitro (71)
or in animal models (72, 73) and indirect evidence in humans
(74) indicate that both neutralizing and non-neutralizing
anti-HIV-1 antibodies exert destruction of reactivated infected
cells via ADCC. Therefore, avoiding the co-administration of
LRAs that negatively impact ADCC activity by NK cells might
be essential for successful application of antibodies or vaccina-
tion in the context of “shock-and-kill” strategies. On the other
hand, combining LRAs with immunotherapies that contrast
inhibitory effects or, as shown for the ALT-803 superagonist of
IL-15 (75), potentiate the antiviral function of NK cells, may
offer a novel therapeutic opportunity toward HIV-1 eradica-
tion. Finally, results presented herein and in a previous report
showed considerable donor-to-donor variation of NK cell
function in response to treatment with PKCa (this study) or
HDACI (57). This variability comes in addition to that observed
for the level of LRA-induced HIV-1 reactivation that differed
widely between patients on ART, possibly due to viral factors,
host factors, or combination of both (12, 76). Hence, future
investigation of factors determining patient-to-patient differ-
ences in the response to “shock-and-kill” strategies is clearly
required.

ETHICS STATEMENT

This study was carried out in accordance with the recommen-
dations of the Policlinico Tor Vergata Ethical Committee with

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1514


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Desimio et al.

PRO and BRY Impact on NK Cells

written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki.

AUTHOR CONTRIBUTIONS

MD conceived the study and wrote the manuscript. MGD, EG,
and MD performed experiments and analyzed the data. AF
and GA collected blood samples from healthy volunteers after

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

Blankson JN, Persaud D, Siliciano RE. The challenge of viral reservoirs in
HIV-1 infection. Annu Rev Med (2002) 53:557-93. doi:10.1146/annurev.med.
53.082901.104024

Chun TW, Moir S, Fauci AS. HIV reservoirs as obstacles and opportunities
for an HIV cure. Nat Immunol (2015) 16:584-9. d0i:10.1038/ni.3152

Chun TW, Davey RT Jr, Ostrowski M, Shawn Justement J, Engel D, Mullins JI,
et al. Relationship between pre-existing viral reservoirs and the re-emergence
of plasma viremia after discontinuation of highly active anti-retroviral therapy.
Nat Med (2000) 6:757-61. doi:10.1038/77481

Deeks SG. HIV: shock and kill. Nature (2012) 487:439-40. doi:10.1038/487439a
Wightman F, Ellenberg P, Churchill M, Lewin SR. HDAC inhibitors in HIV.
Immunol Cell Biol (2012) 90:47-54. doi:10.1038/icb.2011.95

McKernan LN, Momjian D, Kulkosky J. Protein kinase C: one pathway towards
the eradication of latent HIV-1 reservoirs. Adv Virol (2012) 2012:805347.
doi:10.1155/2012/805347

Sung TL, Rice AP. Effects of prostratin on cyclin T1/P-TEFb function and
the gene expression profile in primary resting CD4+ T cells. Retrovirology
(2006) 3:66. doi:10.1186/1742-4690-3-S1-S66

Contreras X, Schweneker M, Chen CS, McCune JM, Deeks SG, Martin J, et al.
Suberoylanilide hydroxamic acid reactivates HIV from latently infected cells.
J Biol Chem (2009) 284:6782-9. doi:10.1074/jbc.M807898200

Bullen CK, Laird GM, Durand CM, Siliciano JD, Siliciano RF. New ex vivo
approaches distinguish effective and ineffective single agents for reversing
HIV-1 latency in vivo. Nat Med (2014) 20:425-9. doi:10.1038/nm.3489
Darcis G, Kula A, Bouchat S, Fujinaga K, Corazza E Ait-Ammar A, et al.
An in-depth comparison of latency-reversing agent combinations in various
in vitro and ex vivo HIV-1 latency models identified Bryostatin-1+JQ1 and
Ingenol-B+JQ1 to potently reactivate viral gene expression. PLoS Pathog
(2015) 11:€1005063. doi:10.1371/journal.ppat.1005063

Laird GM, Bullen CK, Rosenbloom DI, Martin AR, Hill AL, Durand CM, et al.
Ex vivo analysis identifies effective HIV-1 latency-reversing drug combina-
tions. J Clin Invest (2015) 125:1901-12. doi:10.1172/JCI80142

Archin NM, Liberty AL, Kashuba AD, Choudhary SK, Kuruc JD, Crooks AM,
et al. Administration of vorinostat disrupts HIV-1 latency in patients on
antiretroviral therapy. Nature (2012) 487:482-5. doi:10.1038/nature11286
Rasmussen TA, Tolstrup M, Brinkmann CR, Olesen R, Erikstrup C, Solomon A,
et al. Panobinostat, a histone deacetylase inhibitor, for latent-virus reactiva-
tion in HIV-infected patients on suppressive antiretroviral therapy: a phase
1/2, single group, clinical trial. Lancet HIV (2014) 1:e13-21. doi:10.1016/
$2352-3018(14)70014-1

Sogaard OS, Graversen ME, Leth S, Olesen R, Brinkmann CR, Nissen SK,
et al. The depsipeptide romidepsin reverses HIV-1 latency in vivo. PLoS Pathog
(2015) 11:¢1005142. doi:10.1371/journal.ppat.1005142

Shan L, Deng K, Shroff NS, Durand CM, Rabi SA, Yang HC, et al. Stimulation
of HIV-1-specific cytolytic T lymphocytes facilitates elimination of latent viral
reservoir after virus reactivation. Immunity (2012) 36:491-501. doi:10.1016/j.
immuni.2012.01.014

Klatt NR, Chomont N, Douek DC, Deeks SG. Immune activation and HIV
persistence: implications for curative approaches to HIV infection. Immunol
Rev (2013) 254:326-42. d0i:10.1111/imr.12065

Deng K, Pertea M, Rongvaux A, Wang L, Durand CM, Ghiaur G, et al. Broad
CTL response is required to clear latent HIV-1 due to dominance of escape
mutations. Nature (2015) 517:381-5. doi:10.1038/nature14053

obtaining from them written informed consent. All the authors
reviewed the manuscript for content, provided suggestions, and
approved the final manuscript.

FUNDING

This work was supported by the Italian Ministry of Health
(Ricerca Finalizzata to EG and MD, and Ricerca Corrente co-
funded by the Italian 5 X 1000 to MD).

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Jones RB, O’Connor R, Mueller S, Foley M, Szeto GL, Karel D, et al. Histone
deacetylase inhibitors impair the elimination of HIV-infected cells by cyto-
toxic T-lymphocytes. PLoS Pathog (2014) 10:e1004287. doi:10.1371/journal.
ppat.1004287

Clutton G, Xu Y, Baldoni PL, Mollan KR, Kirchherr ], Newhard W, et al. The
differential short- and long-term effects of HIV-1 latency-reversing agents on
T cell function. Sci Rep (2016) 6:30749. doi:10.1038/srep34430
Walker-Sperling VE, Pohlmeyer CW, Tarwater PM, Blankson JN. The effect of
latency reversal agents on primary CD8+ T cells: implications for shock and
kill strategies for human immunodeficiency virus eradication. EBioMedicine
(2016) 8:217-29. doi:10.1016/j.ebiom.2016.04.019

Kollar P, Rajchard ], Balounova Z, Pazourek J. Marine natural products:
bryostatins in preclinical and clinical studies. Pharm Biol (2014) 52:237-42.
doi:10.3109/13880209.2013.804100

Gutierrez C, Serrano-Villar S, Madrid-Elena N, Perez-Elias MJ, Martin ME,
Barbas C, et al. Bryostatin-1 for latent virus reactivation in HIV-infected
patients on antiretroviral therapy. AIDS (2016) 30:1385-92. doi:10.1097/
QAD.0000000000001064

Margolis DM, Garcia JV, Hazuda DJ, Haynes BE. Latency reversal and viral
clearance to cure HIV-1. Science (2016) 353:aaf6517. doi:10.1126/science.
aaf6517

Thorlund K, Horwitz MS, Fife BT, Lester R, Cameron DW. Landscape review
of current HIV ‘kick and kill' cure research — some kicking, not enough killing.
BMC Infect Dis (2017) 17:595. doi:10.1186/s12879-017-2683-3

Lanier LL. NK cell recognition. Annu Rev Immunol (2005) 23:225-74.
doi:10.1146/annurev.immunol.23.021704.115526

Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of natural
killer cells. Nat Immunol (2008) 9:503-10. doi:10.1038/ni1582

Cerboni C, Neri F, Casartelli N, Zingoni A, Cosman D, Rossi P, et al. Human
immunodeficiency virus 1 Nef protein downmodulates the ligands of the acti-
vating receptor NKG2D and inhibits natural killer cell-mediated cytotoxicity.
J Gen Virol (2007) 88:242-50. doi:10.1099/vir.0.82125-0

Fogli M, Mavilio D, Brunetta E, Varchetta S, Ata K, Roby G, et al. Lysis of
endogenously infected CD4+ T cell blasts by rIL-2 activated autologous
natural killer cells from HIV-infected viremic individuals. PLoS Pathog (2008)
4:1000101. doi:10.1371/journal.ppat.1000101

Ward J, Davis Z, DeHart ], Zimmerman E, Bosque A, Brunetta E, et al.
HIV-1 Vpr triggers natural killer cell-mediated lysis of infected cells through
activation of the ATR-mediated DNA damage response. PLoS Pathog (2009)
5:¢1000613. doi:10.1371/journal.ppat.1000613

Richard J, Sindhu S, Pham TN, Belzile JP, Cohen EA. HIV-1 Vpr up-regulates
expression of ligands for the activating NKG2D receptor and promotes NK cell-
mediated killing. Blood (2010) 115:1354-63. doi:10.1182/blood-2009-08-237370
Matusali G, Tchidjou HK, Pontrelli G, Bernardi S, D’Ettorre G, Vullo V, et al.
Soluble ligands for the NKG2D receptor are released during HIV-1 infection
and impair NKG2D expression and cytotoxicity of NK cells. FASEB ] (2013)
27:2440-50. doi:10.1096/1).12-223057

Desimio MG, Giuliani E, Doria M. The histone deacetylase inhibitor SAHA
simultaneously reactivates HIV-1 from latency and up-regulates NKG2D
ligands sensitizing for natural killer cell cytotoxicity. Virology (2017) 510:9-21.
doi:10.1016/j.virol.2017.06.033

Olesen R, Vigano S, Rasmussen TA, Sogaard OS, Ouyang Z, Buzon M, et al.
Innate immune activity correlates with CD4 T cell-associated HIV-1 DNA
decline during latency-reversing treatment with panobinostat. J Virol (2015)
89:10176-89. doi:10.1128/JV1.01484-15

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1514


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1146/annurev.med.
53.082901.104024
https://doi.org/10.1146/annurev.med.
53.082901.104024
https://doi.org/10.1038/ni.3152
https://doi.org/10.1038/77481
https://doi.org/10.1038/487439a
https://doi.org/10.1038/icb.2011.95
https://doi.org/10.1155/2012/805347
https://doi.org/10.1186/1742-4690-3-S1-S66
https://doi.org/10.1074/jbc.M807898200
https://doi.org/10.1038/nm.3489
https://doi.org/10.1371/journal.ppat.1005063
https://doi.org/10.1172/JCI80142
https://doi.org/10.1038/nature11286
https://doi.org/10.1016/S2352-3018(14)70014-1
https://doi.org/10.1016/S2352-3018(14)70014-1
https://doi.org/10.1371/journal.ppat.1005142
https://doi.org/10.1016/j.immuni.2012.01.014
https://doi.org/10.1016/j.immuni.2012.01.014
https://doi.org/10.1111/imr.12065
https://doi.org/10.1038/nature14053
https://doi.org/10.1371/journal.ppat.1004287
https://doi.org/10.1371/journal.ppat.1004287
https://doi.org/10.1038/srep34430
https://doi.org/10.1016/j.ebiom.2016.04.019
https://doi.org/10.3109/13880209.2013.804100
https://doi.org/10.1097/QAD.0000000000001064
https://doi.org/10.1097/QAD.0000000000001064
https://doi.org/10.1126/science.aaf6517
https://doi.org/10.1126/science.aaf6517
https://doi.org/10.1186/s12879-017-2683-3
https://doi.org/10.1146/annurev.immunol.23.021704.115526
https://doi.org/10.1038/ni1582
https://doi.org/10.1099/vir.0.82125-0
https://doi.org/10.1371/journal.ppat.1000101
https://doi.org/10.1371/journal.ppat.1000613
https://doi.org/10.1182/blood-2009-08-237370
https://doi.org/10.1096/fj.12-223057
https://doi.org/10.1016/j.virol.2017.06.033
https://doi.org/10.1128/JVI.01484-15

Desimio et al.

PRO and BRY Impact on NK Cells

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Garrido C, Soriano-Sarabia N, Allard B, Sholtis K, Archin NM, Margolis DM.
Clinical administration of vorinostat increases NK cell capacity to produce
IFN-y. Conference on Retroviruses and Opportunistic Infections. Boston, MA
(2016). p. Abstr355.

Offersen R, Nissen SK, Rasmussen TA, Ostergaard L, Denton PW, Sogaard OS,
et al. A novel toll-like receptor 9 agonist, MGN1703, enhances HIV-1
transcription and NK cell-mediated inhibition of HIV-1-infected autologous
CD4+ T cells. ] Virol (2016) 90:4441-53. doi:10.1128/JV1.00222-16

Vibholm L, Schleimann MH, Hojen JE Benfield T, Offersen R, Rasmussen K,
etal. Short-course toll-like receptor 9 agonist treatment impacts innate immu-
nity and plasma viremia in individuals with human immunodeficiency virus
infection. Clin Infect Dis (2017) 64:1686-95. doi:10.1093/cid/cix201

Ito M, Tanabe F, Sato A, Takami Y, Shigeta S. A potent inhibitor of protein
kinase C inhibits natural killer activity. Int J Immunopharmacol (1988)
10:211-6. doi:10.1016/0192-0561(88)90051-3

Chuang SS, Lee JK, Mathew PA. Protein kinase C is involved in 2B4 (CD244)-
mediated cytotoxicity and AP-1 activation in natural killer cells. Immunology
(2003) 109:432-9. doi:10.1046/j.1365-2567.2003.01662.x

Tassi I, Cella M, Presti R, Colucci A, Gilfillan S, Littman DR, et al. NK cell-
activating receptors require PKC-theta for sustained signaling, transcriptional
activation, and IFN-gamma secretion. Blood (2008) 112:4109-16. doi:10.1182/
blood-2008-02-139527

Garrido C, Spivak AM, Soriano-Sarabia N, Checkley MA, Barker E, Karn J,
et al. HIV latency-reversing agents have diverse effects on natural killer cell
function. Front Immunol (2016) 7:356. doi:10.3389/fimmu.2016.00356
Rohner A, Langenkamp U, Siegler U, Kalberer CP, Wodnar-Filipowicz A.
Differentiation-promoting drugs up-regulate NKG2D ligand expression and
enhance the susceptibility of acute myeloid leukemia cells to natural killer
cell-mediated lysis. Leuk Res (2007) 31:1393-402. doi:10.1016/j.leukres.2007.
02.020

Neri E, Giolo G, Potesta M, Petrini S, Doria M. The HIV-1 Nef protein has
a dual role in T cell receptor signaling in infected CD4+4 T lymphocytes.
Virology (2011) 410:316-26. doi:10.1016/j.virol.2010.11.018

Lecoeur H, Fevrier M, Garcia S, Riviere Y, Gougeon ML. A novel flow cyto-
metric assay for quantitation and multiparametric characterization of cell-
mediated cytotoxicity. ] Immunol Methods (2001) 253:177-87. doi:10.1016/
$0022-1759(01)00359-3

Bryant J, Day R, Whiteside TL, Herberman RB. Calculation of lytic units
for the expression of cell-mediated cytotoxicity. J Immunol Methods (1992)
146:91-103. doi:10.1016/0022-1759(92)90052-U

Saleh S, Wightman E, Ramanayake S, Alexander M, Kumar N, Khoury G,
et al. Expression and reactivation of HIV in a chemokine induced model
of HIV latency in primary resting CD4+ T cells. Retrovirology (2011) 8:80.
doi:10.1186/1742-4690-8-80

Biancotto A, Grivel JC, Gondois-Rey E, Bettendroffer L, Vigne R, Brown S,
et al. Dual role of prostratin in inhibition of infection and reactivation of
human immunodeficiency virus from latency in primary blood lymphocytes
and lymphoid tissue. J Virol (2004) 78:10507-15. doi:10.1128/JV1.78.19.
10507-10515.2004

Williams SA, Chen LE, Kwon H, Fenard D, Bisgrove D, Verdin E, et al.
Prostratin antagonizes HIV latency by activating NF-kappaB. ] Biol Chem
(2004) 279:42008-17. doi:10.1074/jbc.M402124200

Trushin SA, Bren GD, Asin S, Pennington KN, Paya CV, Badley AD. Human
immunodeficiency virus reactivation by phorbol esters or T-cell receptor
ligation requires both PKCalpha and PKCtheta. ] Virol (2005) 79:9821-30.
doi:10.1128/JV1.79.15.9821-9830.2005

Harrison D, Phillips JH, Lanier LL. Involvement of a metalloprotease in spon-
taneous and phorbol ester-induced release of natural killer cell-associated
Fc gamma RIII (CD16-11). ] Immunol (1991) 147:3459-65.

Borrego F, Lopez-Beltran A, Pena J, Solana R. Downregulation of Fc gamma
receptor IIIA alpha (CD16-II) on natural killer cells induced by anti-CD16
mADb is independent of protein tyrosine kinases and protein kinase C. Cell
Immunol (1994) 158:208-17. d0i:10.1006/cimm.1994.1268

Grzywacz B, Kataria N, Verneris MR. CD56(dim)CD16(+) NK cells down-
regulate CD16 following target cell induced activation of matrix metallo-
proteinases. Leukemia (2007) 21:356-9; author reply 359. doi:10.1038/sj.leu.
2404499

Liu Q, Sun Y, Rihn S, Nolting A, Tsoukas PN, Jost S, et al. Matrix metallo-
protease inhibitors restore impaired NK cell-mediated antibody-dependent

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

cellular cytotoxicity in human immunodeficiency virus type 1 infection. J Virol
(2009) 83:8705-12. doi:10.1128/JV1.02666-08

Romee R, Foley B, Lenvik T, Wang Y, Zhang B, Ankarlo D, et al. NK cell
CD16 surface expression and function is regulated by a disintegrin and
metalloprotease-17 (ADAM17). Blood (2013) 121:3599-608. doi:10.1182/
blood-2012-04-425397

Lajoie L, Congy-Jolivet N, Bolzec A, Gouilleux-Gruart V, Sicard E, Sung HC,
et al. ADAM17-mediated shedding of FcgammaRIIIA on human NK cells:
identification of the cleavage site and relationship with activation. J Immunol
(2014) 192:741-51. doi:10.4049/jimmunol.1301024

Molinero LL, Fuertes MB, Rabinovich GA, Fainboim L, Zwirner NW.
Activation-induced expression of MICA on T lymphocytes involves
engagement of CD3 and CD28. J Leukoc Biol (2002) 71:791-7. doi:10.1189/
jb.71.5.791

Cerboni C, Zingoni A, Cippitelli M, Piccoli M, Frati L, Santoni A. Antigen-
activated human T lymphocytes express cell-surface NKG2D ligands via an
ATM/ATR-dependent mechanism and become susceptible to autologous
NK- cell lysis. Blood (2007) 110:606-15. doi:10.1182/blood-2006-10-
052720

Pace M, Williams J, Kurioka A, Gerry AB, Jakobsen B, Klenerman P, et al.
Histone deacetylase inhibitors enhance CD4 T cell susceptibility to NK cell
killing but reduce NK cell function. PLoS Pathog (2016) 12:e1005782.
doi:10.1371/journal.ppat.1005782

Kulkosky J, Culnan DM, Roman J, Dornadula G, Schnell M, Boyd MR, et al.
Prostratin: activation of latent HIV-1 expression suggests a potential inductive
adjuvant therapy for HAART. Blood (2001) 98:3006-15. doi:10.1182/blood.
V98.10.3006

Mehla R, Bivalkar-Mehla S, Zhang R, Handy I, Albrecht H, Giri S, et al.
Bryostatin modulates latent HIV-1 infection via PKC and AMPK signaling but
inhibits acute infection in a receptor independent manner. PLoS One (2010)
5:¢11160. doi:10.1371/journal.pone.0011160

Scheller J, Chalaris A, Garbers C, Rose-John S. ADAM17: a molecular switch
to control inflammation and tissue regeneration. Trends Immunol (2011)
32:380-7. doi:10.1016/}.it.2011.05.005

Trushin SA, Pennington KN, Carmona EM, Asin S, Savoy DN, Billadeau DD,
et al. Protein kinase Calpha (PKCalpha) acts upstream of PKCtheta to acti-
vate IkappaB kinase and NF-kappaB in T lymphocytes. Mol Cell Biol (2003)
23:7068-81. doi:10.1128/MCB.23.19.7068-7081.2003

Aguilo J1, Garaude J, Pardo J, Villalba M, Anel A. Protein kinase C-theta is
required for NK cell activation and in vivo control of tumor progression.
J Immunol (2009) 182:1972-81. doi:10.4049/jimmunol.0801820

Isakov N, Galron D, Mustelin T, Pettit GR, Altman A. Inhibition of phorbol
ester-induced T cell proliferation by bryostatin is associated with rapid degra-
dation of protein kinase C. J Immunol (1993) 150:1195-204.

Huwiler A, Fabbro D, Pfeilschifter J. Comparison of different tumour
promoters and bryostatin 1 on protein kinase C activation and down-
regulation in rat renal mesangial cells. Biochem Pharmacol (1994) 48:689-700.
do0i:10.1016/0006-2952(94)90046-9

Fauci AS, Mavilio D, Kottilil S. NK cells in HIV infection: paradigm for pro-
tection or targets for ambush. Nat Rev Immunol (2005) 5:835-43. doi:10.1038/
nril711

Mavilio D, Benjamin J, Daucher M, Lombardo G, Kottilil S, Planta MA, et al.
Natural killer cells in HIV-1 infection: dichotomous effects of viremia on
inhibitory and activating receptors and their functional correlates. Proc Natl
Acad Sci U S A (2003) 100:15011-6. doi:10.1073/pnas.2336091100

Lichtfuss GE Cheng W], Farsakoglu Y, Paukovics G, Rajasuriar R, Velayudham P,
et al. Virologically suppressed HIV patients show activation of NK cells
and persistent innate immune activation. J Immunol (2012) 189:1491-9.
doi:10.4049/jimmunol.1200458

Azzoni L, Papasavvas E, Chehimi J, Kostman JR, Mounzer K, Ondercin J,
et al. Sustained impairment of IFN-y secretion in suppressed HIV-infected
patients despite mature NK cell recovery: evidence for a defective recon-
stitution of innate immunity. J Immunol (2002) 168:5764-70. doi:10.4049/
jimmunol.168.11.5764

Giuliani E, Vassena L, Di Cesare S, Malagnino V, Desimio MG, Andreoni M,
et al. NK cells of HIV-1-infected patients with poor CD4+ T-cell reconstitu-
tion despite suppressive HAART show reduced IFN-y production and high
frequency of autoreactive CD56bright cells. Immunol Lett (2017) 190:185-93.
doi:10.1016/j.imlet.2017.08.014

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1514


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1128/JVI.00222-16
https://doi.org/10.1093/cid/cix201
https://doi.org/10.1016/0192-0561(88)90051-3
https://doi.org/10.1046/j.1365-2567.2003.01662.x
https://doi.org/10.1182/blood-2008-02-139527
https://doi.org/10.1182/blood-2008-02-139527
https://doi.org/10.3389/fimmu.2016.00356
https://doi.org/10.1016/j.leukres.2007.
02.020
https://doi.org/10.1016/j.leukres.2007.
02.020
https://doi.org/10.1016/j.virol.2010.11.018
https://doi.org/10.1016/S0022-1759(01)00359-3
https://doi.org/10.1016/S0022-1759(01)00359-3
https://doi.org/10.1016/0022-1759(92)90052-U
https://doi.org/10.1186/1742-4690-8-80
https://doi.org/10.1128/JVI.78.19.
10507-10515.2004
https://doi.org/10.1128/JVI.78.19.
10507-10515.2004
https://doi.org/10.1074/jbc.M402124200
https://doi.org/10.1128/JVI.79.15.9821-9830.2005
https://doi.org/10.1006/cimm.1994.1268
https://doi.org/10.1038/sj.leu.
2404499
https://doi.org/10.1038/sj.leu.
2404499
https://doi.org/10.1128/JVI.02666-08
https://doi.org/10.1182/blood-2012-04-425397
https://doi.org/10.1182/blood-2012-04-425397
https://doi.org/10.4049/jimmunol.1301024
https://doi.org/10.1189/jlb.71.5.791
https://doi.org/10.1189/jlb.71.5.791
https://doi.org/10.1182/blood-2006-10-052720
https://doi.org/10.1182/blood-2006-10-052720
https://doi.org/10.1371/journal.ppat.1005782
https://doi.org/10.1182/blood.V98.10.3006
https://doi.org/10.1182/blood.V98.10.3006
https://doi.org/10.1371/journal.pone.0011160
https://doi.org/10.1016/j.it.2011.05.005
https://doi.org/10.1128/MCB.23.19.7068-7081.2003
https://doi.org/10.4049/jimmunol.0801820
https://doi.org/10.1016/0006-2952(94)90046-9
https://doi.org/10.1038/nri1711
https://doi.org/10.1038/nri1711
https://doi.org/10.1073/pnas.2336091100
https://doi.org/10.4049/jimmunol.1200458
https://doi.org/10.4049/jimmunol.168.11.5764
https://doi.org/10.4049/jimmunol.168.11.5764
https://doi.org/10.1016/j.imlet.2017.08.014

Desimio et al.

PRO and BRY Impact on NK Cells

70.

71.

72.

73.

74.

75.

Reuse S, Calao M, Kabeya K, Guiguen A, Gatot JS, Quivy V, et al. Synergistic
activation of HIV-1 expression by deacetylase inhibitors and prostratin:
implications for treatment of latent infection. PLoS One (2009) 4:e6093.
doi:10.1371/journal.pone.0006093

Bruel T, Guivel-Benhassine F, Amraoui S, Malbec M, Richard L, Bourdic K,
et al. Elimination of HIV-1-infected cells by broadly neutralizing antibodies.
Nat Commun (2016) 7:10844. doi:10.1038/ncomms10844

Halper-Stromberg A, Lu CL, Klein E Horwitz JA, Bournazos S, Nogueira L,
et al. Broadly neutralizing antibodies and viral inducers decrease rebound
from HIV-1 latent reservoirs in humanized mice. Cell (2014) 158:989-99.
doi:10.1016/j.cell.2014.07.043

Lu CL, Murakowski DK, Bournazos S, Schoofs T, Sarkar D, Halper-Stromberg A,
et al. Enhanced clearance of HIV-1-infected cells by broadly neutralizing
antibodies against HIV-1 in vivo. Science (2016) 352:1001-4. doi:10.1126/
science.aaf1279

Haynes BE, Gilbert PB, McElrath MJ, Zolla-Pazner S, Tomaras GD, Alam SM,
et al. Immune-correlates analysis of an HIV-1 vaccine efficacy trial. N Engl
J Med (2012) 366:1275-86. doi:10.1056/NEJMoal113425

Seay K, Church C, Zheng JH, Deneroff K, Ochsenbauer C, Kappes
JC, et al. In vivo activation of human NK cells by treatment with an

76.

Interleukin-15 superagonist potently inhibits acute in vivo HIV-1 infec-
tion in humanized mice. ] Virol (2015) 89:6264-74. doi:10.1128/JVI.
00563-15

Elliott JH, Wightman E Solomon A, Ghneim K, Ahlers J, Cameron M]J,
et al. Activation of HIV transcription with short-course vorinostat in HIV-
infected patients on suppressive antiretroviral therapy. PLoS Pathog (2014)
10:e1004473. doi:10.1371/journal.ppat.1004473

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial of financial relationship that could be
construed as a potential conflict of interest.

Copyright © 2018 Desimio, Giuliani, Ferraro, Adorno and Doria. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

14

June 2018 | Volume 9 | Article 1514


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1371/journal.pone.0006093
https://doi.org/10.1038/ncomms10844
https://doi.org/10.1016/j.cell.2014.07.043
https://doi.org/10.1126/science.aaf1279
https://doi.org/10.1126/science.aaf1279
https://doi.org/10.1056/NEJMoa1113425
https://doi.org/10.1128/JVI.00563-15
https://doi.org/10.1128/JVI.00563-15
https://doi.org/10.1371/journal.ppat.1004473
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	In Vitro Exposure to Prostratin 
but Not Bryostatin-1 Improves Natural Killer Cell Functions Including Killing of CD4+ T Cells Harboring Reactivated Human Immunodeficiency Virus
	Introduction
	Materials and Methods
	Cells, Antibodies, and Reagents
	Flow Cytometry
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Western Blotting
	NK-Cell Cytotoxicity Assays
	ADCC Assay
	Establishment and Reactivation 
of Latently Infected CD4+ T Cells
	RT-qPCR
	NK-Cell-Mediated Killing of Reactivated HIV-1-Infected Cells
	Statistical Analysis

	Results
	PRO and BRY Activate NK Cells 
Affecting Their Phenotype
	PRO and BRY Downregulate CD16 on 
NK Cells via Matrix Metalloprotease (MMP)-Mediated Shedding
	Impact of PRO and BRY on NK-Cell Functionality
	PRO Upregulates ULBP2 Expression 
on CD4+ T Cells With Reactivated HIV
	The Susceptibility to NK-Cell-Mediated Killing of HIV-Infected CD4+ T Cells That Exit From Latency Is Increased by PRO

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	References


