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ABSTRACT

HDACI are being used as a novel, therapeutic approach
for leukemias and other hematological malignancies.
However, their effect on immune cells remains ill-de-
fined, as HDACi may impair immune surveillance. In this
work, we demonstrate that TSA, VPA, and NaB inhib-
ited IFN-y production by CD56%™ and CD56""9"t NK
cells and NK cell-mediated cytotoxicity against K562
target cells. HDACi promoted minor NK cell apoptosis
but inhibited nuclear mobilization of NF-«B p50, which
was accompanied by a robust down-regulation of
NKG2D and NKp46 on resting NK cells and of NKG2D,
NKp44, NKp46, and CD25 on cytokine-activated NK
cells. Decreased CD25 expression promoted a weak-
ened IFN-vy secretion upon restimulation of NK cells
with IL-2, whereas reduced expression of NKG2D and
NKp46 was accompanied by an impaired NKG2D- and
NKp46-dependent cytotoxicity. Moreover, NK cells
from normal mice treated in vivo with TSA displayed a
diminished expression of NK1.1, NKG2D, and NKp46
and secreted reduced amounts of IFN-y upon ex vivo
stimulation with cytokines. Thus, our preclinical results
indicate that HDACi exert deleterious effects on NK cell
function, which may weaken immune surveillance and
facilitate relapse of the malignant disease in HDACi-
treated patients. J. Leukoc. Biol. 91: 321-331; 2012.

Abbreviations: y.=vy chain, APC=allophycocyanin, AU=arbitrary unit(s),
Cy=cyano dye, DNAM-1=DNAX accessory molecule-1, FC=flow cytometry,
HDAC=histone deacetylase, HDACI=HDAC inhibitor, IC=isotype-matched nega-
tive control mAb, MA=mean flucrescence intensity, MICA/MICB=MHC class |
chain-related protein A/B, NaB=sodium butyrate, NCR=natural cytotoxicity re-
ceptor, NKG2DL =lgand for the NKR NKG2D, NKR=NK cell receptors,
SAHA=sUberoylaniide hydroxamic acid, SH=specific fluorescence index,
TSA=trichostatin A, ULBP=UL-16-binding protein, VPA=sodium valproate
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Introduction

Cancer arises as a result of an accumulation of genetic muta-
tions and epigenetic anomalies regulated by HDACs, which
control chromatin condensation and gene expression [1]. Ab-
normal expression of HDACs has been reported in tumors,
whereas knockdown of HDACs inhibits tumor growth [2, 3].
Thus, HDACi for treatment of cancer have been developed [4,
5]. SAHA (Vorinostat) and TSA are broad inhibitors of all
HDAG s, whereas VPA and NaB preferentially target class I and
class Ila HDAGs [4, 6]. They exhibit in vitro antiproliferative
effects, inducing cell-cycle arrest, apoptosis, and autophagy,
and are promising agents for the treatment of leukemias and
lymphomas [4-7]. SAHA has been approved by the U.S. Food
and Drug Administration for the treatment of cutaneous T cell
lymphoma [6], and others are in advanced phases of clinical
trials [5].

NK cells play a major role in tumor rejection, triggering cy-
totoxicity and IFN-y secretion upon sensing target cells
through activating receptors, such as NKG2D, DNAM-1, 2B4,
and the NCRs NKp46, NKp44, and NKp30 [8, 9], or upon
sensing proinflammatory stimuli [10]. In vitro, HDACi sensi-
tize tumor cells to NCR-, DNAM-1-, and NKG2D-dependent
cytotoxicity by promoting up-regulation of specific ligands on
tumor cells, but in most cases, HDACi-treated tumor cells were
confronted with untreated NK cells [11-14]. However, during
treatment of patients, immune cells also become exposed to
HDACI. In addition, clinical success of VPA is not superior to
other pharmacologic strategies [15], which could be a result
of effects of HDACi on immune cells. Different HDACi have
been shown to reduce serum levels of proinflammatory cyto-
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kines and acute graft-versus-host disease in mice [16], to ex-
pand regulatory T cells [17], and to inhibit macrophage, DC,
and T cell activation and functions [18-20]. Thus, they may
weaken immune surveillance and facilitate tumor relapse.
Therefore, the aim of this work was to investigate the effect of
TSA, VPA, and NaB on NK cell viability, functional response,
and phenotype. Our results show that these HDACGi severely
impair NK cell activation, receptor expression, and effector
functions, suggesting that they may deteriorate NK cell im-
mune surveillance, a fact that may promote relapse in treated
patients.

MATERIALS AND METHODS
Cell lines

HCT116 (colorectal carcinoma), T47D (mammary gland ductal carci-

noma), and K562 (chronic myelogenous leukemia) human cell lines and
P815 (mouse mastocytoma) were from American Type Culture Collection
(Manassas, VA, USA). M8 (melanoma) was provided by Dr. Edgardo Caro-
sella (Hopital St. Louis, Paris, France).

Antibodies and reagents

Human and mouse rIL-2, rIL-12, and rIL-15 were from PeproTech (Rocky
Hill, NJ, USA); human and mouse rIL-18 were from MBL International
(Woburn, MA, USA). The following mAb against human molecules were
used: anti-MICA/B mAb D7 [21]; anti-ULBP-1-3 mAb (clones 170,818,
165,903, and 166,510, respectively, R&D Systems, Minneapolis, MN, USA);
anti-NKG2D mAb (clone 1D11, eBioscience, San Diego, CA, USA); anti-
NKp30 (clone AZ20), anti-NKp44 (clone Z231), and anti-NKp46 (clone
BAB281, kindly provided by Dr. Alessandro Moretta, Laboratory of Molecu-
lar Immunology, Department of Experimental Medicine, University of
Genoa, Italy); anti-NF-«B p50 (clone E-10, Santa Cruz Biotechnology, Santa
Cruz, CA, USA); IC (eBioscience); FITC-, PE-, and Spectral Red-labeled
anti-CD3 mAb (clone UCHT-1, Southern Biotech, Birmingham, AL, USA);
PE/Cy7-labeled anti-CD3 mAb (clone UCHT-1, eBioscience); PE/Cy5-la-
beled anti-CD56 (clone N901, Beckman Coulter, Brea, CA, USA); PE-la-
beled anti-CD11b (clone ICRF44, eBioscience); FITC-labeled anti-CD107a
(clone 1D4B, Becton Dickinson, San Diego, CA, USA); PE-labeled anti-
IFN-y (clone 4S.B3, eBioscience); Alexa Fluor 488-labeled anti-CD226
(DNAM-1, clone DX11, BioLegend, San Diego, CA, USA); PE-labeled anti-
CD244 (2B4, clone C1.7, BioLegend); PE-labeled anti-CD25 (clone BC96,
eBioscience); FITC-labeled anti-CD69 (clone FN50, Becton Dickinson); and
PE-labeled anti-pSTAT4 (clone py693, Becton Dickinson). The following
mADb against mouse molecules were used: APC-labeled anti-NKG2D (clone
CX5, eBioscience); PE-labeled anti-NK1.1 (clone PK136, eBioscience); PE-
labeled anti-CD49b (clone DX5, eBioscience); Alexa Fluor 647-labeled anti-
NKp46 (clone 29A1.4, eBioscience); and FITC-labeled anti-CD3 (clone
17A2, BioLegend). For indirect immunofluorescence staining and FC, PE-
labeled goat anti-mouse IgG (Dako, Dakocytomation, Glostrup, Denmark)
was used. For confocal microscopy, FITC-labeled goat anti-mouse (BD
PharMingen, San Diego, CA, USA) was used. TSA, VPA, and NaB were
from Enzo Life Sciences (Farmingdale, NY, USA). HDACi were dissolved in
DMSO.

Mice and in vivo treatment with TSA

Normal C57BL/6 mice (6—8 weeks) were obtained from the animal facility
of the School of Veterinary, National University of La Plata (Argentina).
For in vivo treatment, TSA was dissolved in DMSO and i.p.-injected daily
with 2 mg/kg during 4 days. At Day 5, spleen NK cells were isolated by pos-
itive selection.
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NK cells and CD4 T cells

Human NK cells and CD4 T cells were isolated from blood of healthy vol-
unteers (provided by the Hemotherapy Unit, Hospital Carlos G. Durand,
Buenos Aires, Argentina) using the specific RosetteSep kits (Stemcell Tech-
nologies, Vancouver, BC, Canada) and Ficoll-Paque Plus (Amersham Biosci-
ences, Piscataway, NJ, USA) centrifugation. Purity of isolated cells was al-
ways above 90%, as assessed by FC (CD3°CD56" for NK cells; CD3*CD4*
for CD4 T cells). Mouse NK cells were obtained from spleens using CD49b
(DX5) MicroBeads (positive selection kit from Miltenyi Biotec, Auburn,
CA, USA). Purity of isolated cells was always above 80%, as assessed by FC
(CD3"NKI1.1" cells). NK cells were cultured in the absence or in the pres-
ence of different HDACi for 24 h, as indicated in each figure, in the ab-
sence or in the presence of 20 ng/ml of IL-12, 20 ng/ml IL-15, and 20
ng/ml IL-18 in RPMI 1640 (Sigma-Aldrich, St. Louis, MO, USA), supple-
mented with 10% inactivated FBS (NatoCor, Coérdoba, Argentina), sodium
pyruvate, glutamine, and gentamicin (Sigma-Aldrich). In some experi-
ments, NK cells were cultured for 24 h with 10 ng/ml IL-15 and TSA, then
the HDACi was removed, and NK cells were washed and cultured further
with 10 ng/ml IL-15 as a survival factor in the absence of TSA for an addi-
tional period of 24-72 h. In other experiments, NK cells were cultured for
24 h with 10 ng/ml IL-12, 10 ng/ml IL-15, and 10 ng/ml IL-18; TSA was
removed; and NK cells were washed and further cultured with 10 ng/ml
IL-12, 10 ng/ml IL-15, and 10 ng/ml IL-18 in complete medium in the ab-
sence of TSA for 24-72 h. Also, NK cells were cultured in the absence or
in the presence of 1 uM TSA, 2 mM VPA, or 2 mM NaB for 24 h; washed;
and stimulated with K562 cells for 24 h at a ratio of 1:3 (NK cell:K562
cells). In addition, NK cells were activated with IL-12, IL-15, and IL-18 for 4
days, TSA was added to the cultures, and cells were cultured for another
24 h in the presence of the cytokines. In other experiments, TSA-treated,
activated NK cells were cultured for 24 h with 5 ng/ml IL-2 to assess the
functional role of CD25. Treated and untreated NK cells were used for
analysis of apoptosis, IFN-y production, degranulation, and cell surface ex-
pression of specific receptors and activation markers. Recombinant human
cytokines were used for experiments with human NK cells, whereas recom-
binant mouse cytokines were used for experiments with mouse NK cells.
CD4 T cells were cultured in the absence or in the presence of TSA for

24 h. Then, apoptosis was analyzed as explained below. In all experiments,
NK or CD4 T cells cultured in the absence of HDACi were cultured in the
presence of an equivalent volume of DMSO—the vehicle used to dissolve
the drug. Studies have been approved by the institutional review commit-
tee.

FC

Expression of NKG2DLs on cell lines and of NKRs on NK cells was ana-
lyzed by FC using specific mAb and PE-labeled anti-mouse IgG. For mouse
NKRs, fluorochrome-labeled mAb were used. NK cells were characterized
as CD3°CD56™ (human cells) or CD3"NKI1.17 (mouse cells) using fluoro-
chrome-labeled mAb. For phosphorylated STAT4 detection, cells were
fixed and permeabilized with Cytofix/Cytoperm (Becton Dickinson) and
incubated with the anti-pSTAT4 mAb or an IC mAb following the instruc-
tions provided by the manufacturer. Cells were analyzed in a FACSAria
flow cytometer (Becton Dickinson). SFI was calculated as the ratio of the
MFT of the specific mAb and the MFI of the isotype control mAb.

Apoptosis
Apoptosis was assessed using Annexin V conjugated to FITC (Becton Dick-

inson) or APC (eBioscience) or the apoptosis detection kit (Becton Dickin-
son), following the manufacturer’s instructions.

ELISA for IFN-y

Secretion of IFN-y by human NK cells was analyzed by ELISA as described
[22]. Detection of IFN-y secretion by mouse NK cells was performed using
the OptEIA kit from Becton Dickinson.
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NK cell degranulation and IFN-y production

NK cells were cultured overnight at 37°C in the absence or in the presence
of IL-12, IL-15, and IL-18 or K562 target cells, with or without HDACi. Dur-
ing the last 4 h, the anti-CD107a or IC mAb were added together with the
Golgi-Plug reagent (Becton Dickinson). Cells were harvested and stained
with anti-CD3 and anti-CD56 mAb, permeabilized with Cytofix/Cytoperm
(Becton Dickinson), and stained with anti-IFN-y mAb to determine the per-
centage of IFN-y*CD107a", IFN-y"CD107a™, or IFN-y" CD107a™ cells within
the CD3"CD56™ population.

Cytotoxicity

NK cells were cultured for 18 h with 10 ng/ml IL-15 in the absence or in
the presence of different HDACIi, washed extensively, and cocultured over-
night with K562 cells at a 1:1 ratio. Cells were then labeled with Annexin
V-APC and analyzed by FC. Apoptosis of K562 cells (Annexin V-positive
cells) was assessed. K562 cells were distinguished from NK cells by their
different forward- versus side-scatter parameters (Supplemental Fig. 1). For
the redirected killing assay, P815 cells were coated with anti-NKG2D, anti-
NKp46, or IC mAb, washed, and incubated overnight with NK cells, previ-
ously untreated or treated for 24 h with HDACi. Thereafter, cells were
stained with anti-CD56-PE/Cy5 to gate out NK cells and with Annexin V-
FITC to assess apoptosis in P815 cells by FC in the tumor cell population,
gated by forward- versus side-scatter parameters (Supplemental Fig. 1).

Indirect immunofluorescence and confocal
microscopy analysis

NK cells were seeded onto polylysine-coated glass coverslips, stimulated for
2 h with 20 ng/ml IL-12, 20 ng/ml IL-15, and 20 ng/ml IL-18 in the ab-
sence or in the presence of 1 uM TSA, fixed with 2% of PFA, permeabil-
ized with 0.1% saponin for 10 min, and stained with anti-p50 mAb and
FITC-labeled goat anti-rabbit IgG. Slides were mounted with Dabco, and
cells were observed in a digital Eclipse E800 Nikon Cl1 laser confocal mi-
croscope with Nikon Plan Apo 60X/1.40 Oil objective.

RNA extraction real-time PCR

Total RNA was isolated with Trizol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA) following the manufacturer’s instructions. cDNA was
synthesized with oligo-dT and SuperScript III RT (Invitrogen Life Technol-
ogies). Primers for the amplification of NKG2DL and cytokine receptors, as
well GAPDH (housekeeping gene), are listed in Table 1. Quantitative as-
sessment of each amplified mRNA was performed by real-time PCR with
the 7500 Real-Time PCR unit and SYBR Green PCR Master Mix (Applied

TABLE 1. Primers Used for the Real-Time PCR for MICA,
ULBP-2, and Cytokine Receptors

Gene product  Primer Sequence
MICA Forward AACGGAAAGGACCTCAGGAT
Reverse AGCTCCTGGTGCTGTTGTCT
ULBP-2 Forward GTGCAGGAGCACCACTCGCC
Reverse AGGACTCTCCTCAGATGCCAGGGA
IL-12RB1 Forward CGGACACCCAGCAGCCCATG
Reverse GGGGTTTTCAGGGGGAACGCA
IL-15RB Forward CCTGAGGGTGCTGTGCCGTG
Reverse GGGGCCATCAGGCGAAGGTT
IL-2Ry (v,) Forward  GGAACGGACGATGCCCCGAA
Reverse AGACACACCACTCCAGGCCGAA
IL-18R Forward GCTGTGGAGATTTTGCCCAGGGTG
Reverse ACAACAGCTCCTCCAGGCACTACAT
GAPDH Forward TGCACCACCAACTGCTTAGC
Reverse GGCATGGACTGTGGTCATGAG
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Biosystems, Foster City, CA, USA). All samples were run in duplicates, and
negative controls (without template) were included in all cases. To confirm
specificity of the signal observed in real-time protocols, melting curves were
constructed and analyzed in each run. Expression levels of each template
were calculated using standard curves built with serial dilutions of cDNA.
Data were normalized against GAPDH expression and expressed as AU.

Statistical analysis

A paired Student’s ¢ test was used to compare the percentage of IFN-

Y CD107a", IFN-y*CD107a", or IFN-y"CD107a™ cells; receptor expression
in human NK cells treated with a single dose of HDACi; and IFN-y secre-
tion by mouse NK cells stimulated ex vivo with cytokines in the presence or
in the absence of TSA. An unpaired Student’s ¢ test with Welch’s correc-
tion was used to compare viability, receptor expression, and IFN-y secre-
tion by mouse NK cells from TSA- versus DMSO-treated animals. One-way
ANOVA with Dunnett’s post hoc test was used for comparison of IFN-y se-
cretion and receptor expression in the presence of different concentrations
of HDACi. One-way ANOVA with Bonferroni’s correction was used for
comparison of the percentage of IFN-y-producing NK cells, the percentage
of apoptotic NK cells in the absence or in the presence of different
HDACI, and the percentage of cytotoxicity of HDACi-exposed NK cells to-
ward K562 cells.

RESULTS

HDAC i inhibit NK cell-mediated cytotoxicity and
IFN-vy production

First, we investigated whether TSA regulates cell surface ex-
pression of NKG2DLs on human tumor cell lines. As shown in
Fig. 1A, TSA induced up-regulation of MICA/B and ULBP-2 in
HCT116, M8, and T47D cells, whereas expression of ULBP-1
was up-regulated slightly only in T47D cells. Expression of
ULBP-3 was also only up-regulated slightly in HCT116 and
K562 cells (not shown). TSA-induced, up-regulated expression
of MICA and ULBP-2 was confirmed by real-time PCR (Fig. 1B
for MICA and Fig. 1C for ULBP-2), suggesting that the effect
of TSA is exerted at a transcriptional level. These results con-
firm that TSA up-regulates NKG2DLs on tumor cells, as was
described previously by others.

Next, we investigated whether TSA and other HDACi with a
narrower specificity (VPA and NaB) affect the functional re-
sponse of human NK cells. As shown in Fig. 24, all three
HDACi strongly inhibited IFN-y secretion of NK cells stimu-
lated with IL-12, IL-15, and IL-18. CD56""™ and CD56”#"* NK
cells were affected by the HDACi (Fig. 2B). By FC, we ob-
served that stimulation of NK cells with IL-12, IL-15, and IL-18
induced the appearance of an 8.8 * 2.7% of IFN-y"CD107a"
cells, 2 9.5 + 4.8% of IFN-y"CD107a" cells, and a 2.5 = 1.0%
of IFN-y"CD107a™ cells. However, treatment with TSA reduced
such percentages to 0.2 * 0.1%, 0.2 £ 0.1%, and 1.3 = 1.0%,
respectively (Fig. 2C). TSA also affected the response of NK
cells against tumor cells, as a coculture with K562 cells in-
duced the appearance of a 3.3 = 2.0% of IFN-y"CD107a"
cells, a 3.7 + 3.0% of IFN-y"CD107a™ cells, and a 12.0 +
5.1% of IFN-y"CD107a™ cells, but treatment with TSA dimin-
ished such percentages to 1.6 = 0.9%, 0.6 = 0.4%, and 6.2 =
4.3%, respectively (Fig. 2C). The decrease in the percentage of
IFN-y*CD107a~ cells, IFN-y*CD107a*, and IFN-y"CD107a™"
cells induced by TSA in NK cells stimulated with cytokines and
the decrease in the percentage of IFN-y CD107a™ cells in-
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Figure 1. TSA up-regulates cell surface expression of NKG2DLs on
tumor cell lines. (A) Cell lines indicated at the top of each column of
histograms were cultured in the absence (black lines) or in the pres-
ence (dashed lines) of TSA 1 uM for 24 h, and surface expression of
human NKG2DLs (indicated at the left of each row of histograms) was
investigated by FC. Gray histograms, IC mAb. Results are representa-
tive of three independent experiments. PE-A, PE-Area. (B and C) Cell
lines indicated at the top of each graph were cultured in the absence
(=) or in the presence (+) of TSA 1 uM for 24 h, and expression of
MICA (B) or ULBP-2 (C) was investigated by real-time PCR. Results
correspond to the mean = sEM from three independent experiments.

duced by TSA in NK cells stimulated with K562 cells were sta-
tistically significant. Also, in cocultures of NK cells with K562
cells, we observed significantly reduced percentages of An-
nexin V' K562 cells after exposure to HDACGi-treated NK cells
versus untreated NK cells (Fig. 2D) and significantly less IFN-y
secreted by NK cells treated with these HDACi (Fig. 2E), sug-
gesting that TSA, VPA, and NaB impair NK cell-mediated cyto-
toxicity and IFN-y secretion upon recognition of tumor target
cells.

As impaired NK cell function could be a result of HDACi-
induced NK cell death, we assessed the percentage of apopto-
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tic and secondary necrotic NK cells upon exposure to TSA,
VPA, or NaB (Fig. 3A). However, we observed a slight increase
in Annexin V" NK cells induced by the three HDACi. Remark-
ably, CD4 T cells were much less susceptible to TSA-induced
apoptosis than resting or cytokine-stimulated NK cells (Fig.
3B), which exhibited a slight increase in early (Annexin V1P~
cells) and late (Annexin VTIP™ cells) apoptotic NK cells.
These results suggest that NK cells exhibit a differential sus-
ceptibility to HDACi-induced apoptosis. Also, we did not ob-
serve induction of secondary necrosis of NK cells in our exper-
imental conditions, as we did not detect Annexin V'IP" cells.

Stimulation of NK cells with cytokines triggers intracellular
pathways that converge in NF-«B activation. When NK cells
were stimulated with IL-12, IL-15, and IL-18 in the presence of
TSA, we observed an almost complete inhibition of nuclear
mobilization of NF-«B p50 (Fig. 4A).

Overall, these results suggest that while promoting up-regu-
lated cell surface expression of NKG2DLs on tumor cells,
HDAC I severely impair NK cell-mediated IFN-y secretion and
cytotoxicity but induce a minor proapoptotic effect, as >60%
of the NK cells remained viable after exposure to TSA for
24 h, whereas >80% of the NK cells remained viable after ex-
posure to VPA or NaB.

HDACi down-regulate cell surface expression of
NKRs
As we observed an intense, immunosuppressive effect of
HDACi on NK cell effector functions, accompanied by a mi-
nor, proapoptotic effect, we investigated additional mecha-
nisms triggered by these HDACi that account for such a strik-
ing, functional impairment. Thus, we examined whether these
compounds compromised expression of cytokine receptors
(Fig. 4B) and the major activating receptors (Fig. 5). Exposure
of NK cells to TSA significantly inhibited the expression of
IL-12RB1, IL-15RB, IL-2RYy (7,), and IL-18R chains, as assessed
by real-time PCR (Fig. 4B). In addition, treatment of resting
NK cells with TSA, VPA, or NaB for 24 h significantly reduced
cell surface NKG2D and NKp46 in a dose-dependent manner,
without affecting the expression of NKp30 (Fig. bA and B for
TSA, Fig. 5C and D for VPA, and Fig. 5E and F for NaB). The
reduction in cell surface expression of these receptors was
76 = 3.9% for NKG2D and 73.2 * 1.4% for NKp46 with 1 uM
TSA, 73.6 = 3.6% for NKG2D and 45.8 + 7.3% for NKp46
with 10 mM VPA, and 67.4 = 7.1% for NKG2D and 47.0 *
7.7% for NKp46 with 10 mM NaB. These three HDACi also
significantly inhibited in a dose-dependent manner the cell
surface expression of NKG2D and NKp46 in NK cells simulta-
neously stimulated with IL-12, IL-15, and IL-18 (Fig. bA and B
for TSA, Fig. 5C and D for VPA, and Fig. 5E and F for NaB).
In this case, the reduction in cell surface expression of the
receptors was 86.3 * 2.6% for NKG2D and 51.8 * 5.7% for
NKp46 with 1 uM TSA, 70.0 = 7.2% for NKG2D and 31.5 *
8.8% for NKp46 with 10 mM VPA, and 58.4 = 11.2% for
NKG2D and 58.0 * 3.3% for NKp46 with 10 mM NaB. As well,
DNAM-1 and 2B4 expression was also down-regulated signifi-
cantly by TSA but not by VPA or NaB (not shown).

To address whether the effects of TSA were transient or
long-lasting, NK cells were treated for 24 h with TSA or
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treated for 24 h with TSA and cultured for 24-72 h in the ab- in NK cell-mediated IFN-y secretion in response to cytokines
sence of this HDACi. Then, expression of NKG2D and NKp46 upon withdrawal of TSA (Fig. 6B). These results indicate that
and IFN-y secretion were analyzed (Fig. 6). Although TSA inhibitory effects of HDACi on receptor expression and IFN-y
strongly inhibited cell surface expression of NKG2D and secretion by NK cells are enduring but reversible.
NKp46 upon 24 h, NK cells started to re-express both recep- Next, we investigated whether NK cells stimulated for longer
tors when the drug was removed, and the expression of both periods with cytokines also are affected by HDACi. Therefore,
receptors was essentially identical to expression in untreated NK cells were cultured for 4 days with IL-12, IL-15, and IL-18
cells upon 72 h or 48 h of culture in the absence of TSA, re- and then exposed to TSA for 24 h. We observed that activated
spectively (Fig. 6A). Such behavior was mirrored by a recovery NK cells exhibited statistically significant, reduced expression
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of NKG2D, NKp44, and NKp46, with reductions in cell surface
expression of these three receptors of 77.4 * 5.2% for
NKG2D, 48.0 * 15.0% for NKp44, and 56.6 = 7.2% for
NKp46 (Fig. 7A). Also, TSA selectively down-regulated expres-
sion of CD25 without affecting expression of CD69 (Fig. 7B),
suggesting that this HDACi affects the preservation of the acti-
vated phenotype in NK cells. TSA-induced CD25 down-regula-
tion was accompanied by an impaired responsiveness to IL-2,
as TSA-treated, activated NK cells secreted less IFN-y than acti-
vated NK cells not exposed to the drug (Fig. 7C). Thus, TSA-
driven down-regulation of CD25 is physiologically relevant.

To assess the physiological relevance of HDACi-induced
down-regulation of NKG2D and NKp46, we performed redi-
rected killing assays with P815 cells coated with anti-NKG2D or
anti-NKp46 mAb (Fig. 8). We observed that HDACi-treated NK
cells triggered significantly lower NKG2D- and NKp46-medi-
ated cytotoxicity of P815 cells than untreated NK cells, indicat-
ing that HDACi-mediated receptor down-regulation is physio-
logically relevant.

Overall, our results indicate that HDACi selectively impair
the expression of NK cell-activating receptors on resting NK
cells, during the activation of NK cells with cytokines and on
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activated NK cells. Also, these compounds impair expression
of CD25 on cytokine-stimulated NK cells and their ability to
further respond to IL-2.

The inhibitory effects of TSA compromise NK cell
activity in vivo

To validate our results in vivo, first, we analyzed the effect of
TSA, VPA, and NaB on IFN-y secretion by mouse NK cells
stimulated in vitro with IL-12 + IL-15 + IL-18 (Fig. 9A). We
observed that these HDACi strongly inhibited IFN-y secretion
by mouse NK cells. Next, normal C57BL/6 mice were injected
daily during 4 days with TSA, and 24 h later, NK cells were
isolated, and IFN-y secretion was analyzed upon ex vivo stimu-
lation with IL-12, IL-15, and IL-18. We observed that NK cells
from mice treated with TSA produced less IFN-y upon ex vivo
stimulation with IL-12, IL-15, and 1L.-18 than NK cells from
mice treated with DMSO (the vehicle used to dissolve the
drug; Fig. 9B) and that these NK cells cultured ex vivo for 4
days with IL-12 + IL-15 + IL-18 in the absence of TSA recov-
ered their ability to secrete IFN-y (Fig. 9C), thus substantiating
the reversible nature of this effect. Consistent with in vitro
findings, NK cells isolated from spleens of mice treated with
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alone (“Resting NK cells”) or with IL-12 + IL-15 + IL-18 (“Cytokine-
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were analyzed. (B) Expression of IL-12RB1, IL-15RB, IL-2Ry (v,), and
IL-18R was analyzed by real-time PCR in NK cells that were cultured in
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TSA exhibited a larger fraction of cells with apoptotic mor-
phology (smaller size and higher granularity) than NK cells
isolated from spleens of mice treated with DMSO (not shown).
Also, morphologically viable NK cells from TSA-treated mice
exhibited lower surface expression of the activating receptors
NKI1.1, NKG2D, and NKp46, as compared with NK cells from
mice treated with DMSO (Fig. 9D). Compared with control
mice, the reduction on cell surface expression of the activating
receptors on NK cells was 35.0 £ 4.8% for NK1.1, 22.5 = 5.9%
for NKG2D, and 8.8 = 2.9% for NKp46. Thus, suppressive ef-
fects of HDACGi on NK cells also occur in vivo upon treatment
with TSA and involve impaired secretion of IFN-v, alteration
of NK cell morphology, and down-regulation of major activat-
ing receptors involved in target cell recognition, validating the
relevance of our in vitro findings with human NK cells.

DISCUSSION

Since the discovery that tumors exhibit altered HDAC activity
[2, 3] and that interference with the expression or activity of
HDAG:s inhibits tumor growth and survival, different HDACi
have been developed for the treatment of cancer [4-7, 23].
Although it has been claimed that HDACi minimally affect
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Figure 5. HDACi down-regulate activating receptors on resting and
cytokine-stimulated NK cells. Human NK cells were cultured without
stimulus (Resting NK cells) or were stimulated with IL-12 + IL-15 +
IL-18 for 24 h (Cytokine-stimulated NK cells) in the absence or in the
presence of 0.1 or 1 uM TSA (A and B), 2 or 10 mM VPA (C and D),
or 2 or 10 mM NaB (E and F). Then, cell surface expression of
NKG2D, NKp30, and NKp46 was assessed by FC on morphologically
viable cells. Data shown in histograms depicted in A, C, and E are rep-
resentative of four independent experiments performed with NK cells
from different donors. Black lines, without HADCi; dashed lines, with
1 uM TSA (A), 10 mM VPA (C), or 10 mM NaB (E); gray histograms,
IC mAb. Graphs shown in B, D, and F correspond to the mean SFI *
SEM obtained in such experiments for each receptor. Black bars, rest-
ing NK cells; white bars, cytokine-stimulated NK cells. *P < 0.05;

##P < 0.01.
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Figure 6. TSA-induced down-regulation of NKG2D and NKp46 and
impairment of IFN-y secretion are lasting but reversible. (A) Isolated
human NK cells were cultured with 10 ng/ml IL-15 in the absence or
in the presence of 1 uM TSA for 24 h. Then, NK cells were washed
and cultured for 24-72 h (as indicated on the graph) in fresh me-
dium with 10 ng/ml IL-15 as a survival factor in the absence of TSA,
and cell surface expression of NKG2D and NKp46 was assessed by FC
on morphologically viable cells. The mean = sEm obtained with NK
cells from three independent donors is depicted (@ for NKG2D and O
for NKp46). Solid lines, TSA-treated NK cells; dotted lines, expression
of NKG2D and NKp46 on NK cells not exposed to the drug. (B) NK
cells were cultured with 10 ng/ml IL-12, 10 ng/ml IL-15, and 10
ng/ml IL-18 in the presence of 1 uM TSA for 24 h. Then, NK cells
were washed and cultured for 24-72 h (as indicated on the graph) in
fresh medium with 10 ng/ml IL-12, 10 ng/ml IL-15, and 10 ng/ml
IL-18 in the absence of TSA, and IFN-y secretion was assessed by
ELISA. Each line corresponds to a different donor.

normal cells, most experiments addressed their effects on via-
bility and toxicity using fibroblasts [24, 25]. In vitro, HDACi
increase expression of ligands for NKRs, such as NCRs,
NKG2D, and DNAM-1, and tumor cell susceptibility to NK cell-
mediated effector functions in tumor cell lines [11-15]. How-
ever, HDAC may also regulate epigenetic events in immune
cells, including NK cells, and long-term effects of chronic ad-
ministration of HDACi to human patients remain unknown.
Many clinical trials have been performed using TSA [4-7], a
HDACi that is structurally similar to SAHA (Vorinostat). Both
have identical, broad specificity for different HDACs. Con-
versely, VPA and NaB have a narrower specificity and also are
being tested in clinical trials for the treatment of different tu-
mors. Remarkably, VPA has been used for many years for the
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treatment of patients with epilepsy [26], which generated a
debate about its safety and possible effects on cancer inci-
dence. Strikingly, some data indicate that long-term users of
VPA exhibit an increased incidence of tumors and leukemias
[27-29] and polycystic ovary syndrome [30]. As NK cells are
major players in immune surveillance against cancer, we un-
dertook an analysis of the effects of different HDACi on NK
cell effector functions. Although we confirmed that TSA in-
duced the expression of NKG2DLs in human tumor cell lines,
as has been shown by others [12, 14, 15, 31, 32], we demon-
strated that the TSA, VPA, and NaB drastically inhibited IFN-y
production by human CD56%™ and CD56""#"* NK cells stimu-
lated with IL-12, IL-15, and IL-18 or by NK cells stimulated
with K562 tumor cells. HDACi also inhibited NK cell degranu-
lation, and NK cells exposed to TSA, VPA, or NaB exhibited a
significantly reduced cytotoxicity against K562 cells. Therefore,
HDAC: seem to affect NK cell activation through cytokine re-
ceptors and through activating receptors involved in tumor
cell recognition. Although resting and cytokine-stimulated

NK cells were more susceptible to HDACi-induced apoptosis
than CD4 T cells, the marked impairment of NK cell-mediated
effector functions could not be explained by HDACi-induced
NK cell apoptosis, as most NK cells remained viable after expo-
sure to the drugs. Thus, we reasoned that HDACi exert addi-
tional suppressive effects that impair NK cell-mediated effector
functions. A pivotal pathway triggered by IL-12, IL-15, and
1L-18 is activation of NF-kB [33-35]. We observed that one of
the earliest pathways affected by HDACi upon cytokine stimu-
lation seems to be nuclear mobilization of p50, which is con-
cordant with a rapid inhibitory effect of some HDACi on
NF-«B activation reported in the literature [36-38].

NK cell-mediated cytotoxicity against tumor cells is triggered
upon engagement of activating receptors [39, 40]. As TSA,
VPA, and NaB strikingly impaired NK cell-mediated cytotoxic-
ity, we investigated whether these HDACGi affect cell surface
expression of the major NK cell-activating receptors. In partic-
ular, we focused our attention on NKG2D, as it has been ob-
served that NK cell-mediated killing of K562 cells is dependent
on this receptor [41]. We observed that TSA, VPA, and NaB
strongly down-regulated expression of NKG2D and NKp46 on
resting NK cells and expression of NKG2D, NKp44, and
NKp46 on NK cells stimulated with IL-12, IL-15, and IL-18.
Expression of DNAM-1 and 2B4 was only affected by TSA.
Down-regulation of NKG2D and NKp46 is functionally rele-
vant, as HDACi-treated NK cells exhibited lower NKG2D- and
NKp46-dependent cytotoxicity in redirected killing assays. In
addition, suppressive effects on NKR expression and function
were slowly reversed upon withdrawal of TSA. Activated NK
cells exposed to TSA also expressed reduced amounts of
NKG2D, NKp44, and NKp46 and exhibited lower amounts of
CD25, which impaired responsiveness to IL-2, indicating that
the effect is functionally relevant.

Previously, it was observed that HDACi can compromise NK
cell-mediated cytotoxicity of NK cells stimulated for 3—4 days with
IL-2 [42, 43], but the effect of HDACi on resting NK cells or dur-
ing NK cell activation with IL-12, IL-15, and IL-18 and the effects
on IFN-y secretion were not investigated. These three cytokines

www jleukbio.org



. NKG2D . NKp30

Histone deacetylase inhibitors and NK cells

Rossi el al.

Figure 7. HDACi down-regulate activating
receptors on activated NK cells. (A) NK cells
were cultured for 4 days with IL-12 + IL-15 +
11-18, washed, and cultured for 24 h with
these cytokines in the absence or in the pres-
ence of 1 uM TSA. Then, cell surface expres-
sion of NKG2D, NKp30, NKp44, and NKp46
was assessed by FC on morphologically viable
cells. Data in histograms are representative of
four independent experiments performed
with NK cells from different donors. Black
lines, Without TSA; dashed lines, with TSA 1
uM; gray histograms, IC mAb. Graphs show
the mean SFI = seMm obtained in such experi-
ments for each receptor. (B) Expression of
CD25 and CD69 on cytokine-activated NK
cells (same pattern of histograms as in A).
(C) NK cells were activated with TL-12, TL-15,
and I1-18 for 4 days. Then, NK cells were
cultured for 24 h in the absence () or in the
presence (+) of 1 uM TSA with fresh cyto-

PE-A

*
L 4
7%}
- +

7] 0 0
€ € €
[ o [
> > >
w U s w w
o ', > - (=8 - - - [=F A
10° 10" 10 10° 10* 10° 10" 10* 10° 10* 10¥ 10°
PE-A PE-A PE-A
*
*%
5 ns
4

i 2 3 | i
(9] wn (9]

1

1
- + - + - +
B
+
4 r
0 Q

PE-A FITC-A

N
S & &

IFN-y (pg/ml)

O kines, after which, NK cells were washed

and cultured for 24 h with 5 ng/ml
IL-2. Graphs correspond to the mean

SFI = sEm obtained with cells from four independent experiments performed with NK cells from different donors. *P < 0.05; **P < 0.01.

are critical during NK cell-DC cross-talk during the activation of
the immune response, as they promote NK cell-mediated IFN-y
secretion, which in turn, promotes DC maturation and reciprocal
activation of NK cells [39, 40, 44, 45]. We observed that HDACi

o-NKG2D

'« TSA . VPA ¢ NaB
% 501 'c 50y % 501
) < )
E 401 x g 401 % E 401 X%
< 301 Z 30 < 30,
(o] 0
5 201 © 201 5 201
o 0 o
o 10] a 10f o 10]
S} < o
o 0 o~ 0 o 0
s - + - + & - +
o-NKp46
TSA . VPA . NaB
= 'c 507 'c 507
o) 5 o)
401 % 2 40] % 240 N
£ 30 £ 3] £ 30
2 201 \ © 20 2 201
(e8] [c0) e8]
10l N\ Q. 101 a 10] >
S SN S
- + - + - +
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almost completely abrogated IFN-y secretion by NK cells but in-
duced a low degree of apoptosis. As NK cell-derived IFN-y con-
tributes to DC maturation [44, 45], HDACi may also affect their
cross-talk with NK cells. Also, although it has been observed that
HDACi down-regulated NKp46 and NKp30 on NK cells activated
with IL-2 [42], we observed down-regulation of NKG2D and
NKp46 on resting NK cells and of NKG2D, NKp44, and NKp46
on NK cells stimulated with cytokines relevant for NK cell activa-
tion during the physiology of the immune response against infec-
tious agents and tumors. This discrepancy might be a result of
the different stimuli used in both works. Also, as activated NK
cells exposed to TSA exhibited impaired responsiveness to I1-2 as
a result of decreased expression of CD25, our results explain pre-
vious inhibitory effects of HDACi on NK cells stimulated with
IL-2 [42].

Additionally, we validated our results in vivo, as NK cells from
normal C57BL/6 mice treated with TSA for 4 days exhibited a
reduced ability to secrete IFN-y in response to cytokines and ex-
hibited lower levels of NK1.1, NKG2D, and NKp46. Moreover,
the in vivo effect of HDACi was reversed after 4 days in culture
with IL-12, TL-15, and IL-18.

From a clinical perspective, our results suggest that long-term
administration of HDACi may lead to a progressive decline in NK
cell immune surveillance, creating a permissive scenario that may
facilitate the relapse of the primary malignant disease, the gener-
ation of metastasis, and even the onset of a second malignancy.
This idea is supported further by our findings that indicate that
HDAC I down-regulated expression of NKG2D and NKp46 on NK
cells, as it was demonstrated by previous work of others that
NKG2D and NKp46 knockout mice exhibit increased tumor initi-
ation and progression [46—48]. Also, an in vivo mAb-mediated
blockade of NKG2D promotes an increased tumor initiation in
mice [49], and a correlation between natural cytotoxic activity of
PBMCs and tumor incidence has been described in humans [50].
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Figure 9. In vivo, TSA impairs IFN-y secretion by mouse NK cells and
down-regulates NKR expression. First, NK cells were isolated from nor-
mal C57BL/6 mice and cultured without or with 20 ng/ml IL-12, 20
ng/ml IL-15, and 20 ng/ml IL-18 in the absence or in the presence of
0.1 uM TSA, 1 mM VPA, or 1 mM NaB. Then, IFN-y secretion was
analyzed by ELISA (A). In addition, NK cells were isolated from nor-
mal C57BL/6 mice after 5 days of treatment with DMSO or with 2
mg/kg TSA. NK cells from both groups of animals were stimulated for
24 h (B) or 5 days (C) with IL-12, IL-15, and IL-18, and IFN-y was as-
sessed by ELISA. Also, expression of major NKRs (NKI.1, NKG2D, and
NKp46) was assessed by FC on NK cells isolated from untreated
(DMSO) or treated (TSA) animals (D). Representative histograms are
shown on the left. Bar graphs show results of mean * sEm obtained
with four mice of each group. *P < 0.05; **P < 0.01; ***P < (0.001.

Therefore, our results may have important translational conse-
quences, which may influence the clinical management of pa-
tients treated with HDACI, as assessment of NKR expression and
effector functions may constitute surrogate biomarkers to detect
an early decline in immune surveillance in HDACi-treated pa-
tients, which would facilitate the adoption of timely, corrective
measures, such as interruption or modification of chemotherapy
treatment. Analysis of these NK cell parameters also might be
used during clinical trials with novel drugs to predict possible
weakening of immune surveillance. In summary, we demon-
strated in this work that NK cell-mediated IFN-y secretion, de-
granulation, and cytotoxicity are dampened by HDACi as a result
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of induction of apoptosis of a minor fraction of NK cells, down-
regulation of the major activating receptors, inhibition of proper
activation, and impaired responsiveness to IL-2. Thus, our find-
ings constitute a warning message about the safety of the use of
HDAC I in humans, and we suggest that the effect of these com-
pounds on immune cells should be tested carefully before mov-
ing to a clinical setting, using appropriate preclinical models to
closely monitor and identify possible deleterious effects on im-
mune surveillance (in particular, on NK cells). Such an approach
would allow the design and selection of improved compounds
that minimally compromise immune surveillance, leading to bet-
ter clinical success and reducing the incidence of relapse of a
primary malignant disease, the establishment of metastasis, or the
onset of second malignancies.
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