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ABSTRACT
Checkpoint inhibitors targeting the PD-1/PD-L1 axis are promising immunotherapies shown to elicit
objective responses against multiple tumor types, yet these agents fail to benefit most patients with
carcinomas. This highlights the need to develop effective therapeutic strategies to increase responses to
PD-1/PD-L1 blockade. Histone deacetylase (HDAC) inhibitors in combination with immunotherapies
have provided preliminary evidence of anti-tumor effects. We investigated here whether exposure of
either natural killer (NK) cells and/or tumor cells to two different classes of HDAC inhibitors would
augment (a) NK cell‒mediated direct tumor cell killing and/or (b) antibody-dependent cellular cytotoxi-
city (ADCC) using avelumab, a fully human IgG1 monoclonal antibody targeting PD-L1. Treatment of a
diverse array of human carcinoma cells with a clinically relevant dose of either the pan-HDAC inhibitor
vorinostat or the class I HDAC inhibitor entinostat significantly enhanced the expression of multiple NK
ligands and death receptors resulting in enhanced NK cell‒mediated lysis. Moreover, HDAC inhibition
enhanced tumor cell PD-L1 expression both in vitro and in carcinoma xenografts. These data demon-
strate that treatment of a diverse array of carcinoma cells with two different classes of HDAC inhibitors
results in enhanced NK cell tumor cell lysis and avelumab-mediated ADCC. Furthermore, entinostat
treatment of NK cells from healthy donors and PBMCs from cancer patients induced an activated NK cell
phenotype, and heightened direct and ADCC-mediated healthy donor NK lysis of multiple carcinoma
types. This study thus extends the mechanism and provides a rationale for combining HDAC inhibitors
with PD-1/PD-L1 checkpoint blockade to increase patient responses to anti-PD-1/PD-L1 therapies.

ARTICLE HISTORY
Received 15 March 2018
Revised 9 April 2018
Accepted 11 April 2018

KEYWORDS
histone deacetylase; HDAC;
avelumab; ADCC; solid
carcinoma; vorinostat;
entinostat; NK cell function;
checkpoint inhibitor; PD-L1

Introduction

Immune checkpoint blockade constitutes a major paradigm
shift in cancer therapy, aimed at interrupting a major tumor
immune evasion axis. Checkpoint inhibitors targeting pro-
grammed death-1/programmed death ligand-1 (PD-1/PD-
L1) inhibit the interaction of PD-1 on immune cells with its
ligand PD-L1 on tumor and myeloid cells present in the
tumor microenvironment (TME), resulting in reduction of
immunosuppressive signals and enhancement of immune-
cell activation and tumor lysis.1–5 Despite eliciting unprece-
dented clinical benefits for 20–50% of patients with diverse
cancers, these agents still fail to benefit most patients with
solid malignancies, including those with lung, prostate, ovar-
ian, and triple-negative breast cancer.6,7 Thus, there is an
unmet clinical need to develop therapeutic strategies that
can augment clinical responses to this class of immune check-
point inhibitors across multiple solid malignancies.

Despite notable exceptions, mounting evidence supports
the notion that poor response to therapies targeting PD-1/
PD-L1 is most prevalent in tumors with limited lymphocyte
infiltration and poor PD-L1 expression in the TME, such as
prostate cancer, where these therapies have failed thus far to
elicit significant objective responses.1,6 In addition, previous
research, mostly in melanoma and non-small cell lung
(NSCL) cancer, strongly suggests that resistance to checkpoint
blockade, including targeting the PD-1/PD-L1 axis, is highly
associated with innate or acquired tumor defects in interferon
(IFN)‒γ signaling and antigen processing and presentation
pathways.7–11

Along the same lines, epigenetic silencing of immune-
associated genes, including those involved in antigen proces-
sing and immune recognition, has been identified as a deter-
mining factor in tumor evasion of host immune
surveillance.10,12,13 One type of epigenetic silencing occurs
through histone deacetylase enzymes (HDAC) that induce
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histone hypoacetylation, which is associated with gene silen-
cing. Thus, HDAC inhibitors have emerged as novel immu-
nomodulatory drugs (reviewed in14,15). Although HDAC
inhibitors have demonstrated limited clinical benefit as a
monotherapy against solid tumors, mounting preclinical and
clinical evidence suggests there is potential to treat solid
tumors by combining HDAC blockade with other treatment
modalities, including radiation, chemotherapy, hormonal
therapy, and, most importantly for the focus of this paper,
immunotherapy such as PD-1 checkpoint inhibitors.16–20

Natural killer (NK) cells are effector lymphocytes of the
innate immune system that have been shown to control tumor
growth.21 HDAC inhibitors have been shown to modulate the
expression of NK ligands on the surface of neuroblastoma,
melanoma, osteosarcoma, colon and Merkel cell carcinomas.-
22–26 Although few studies have investigated the role of epige-
neticmodulation onNK cell activation and cytotoxicity, reports
indicate that histone acetylation is involved in the regulation of
NK cell activation and effector function.25,27–29 NK-mediated
lysis of malignant cells is dictated by the direct engagement of a
combination of inhibitory and activating NK cell surface recep-
tors with ligands on the tumor, such as major histocompatibil-
ity complex (MHC) class I polypeptide-related chain A and B
(MIC-A/B), UL16 binding proteins (ULBPs), Nectin-2
(CD112), poliovirus receptor (PVR, CD155), and intracellular
adhesion molecule 1 (ICAM-1).30–32 A shift in the balance
between activating and inhibitory signals dictates NK cell
activation.33 In addition, tumor cells can be eliminated by NK
cells through antibody-dependent cellular cytotoxicity (ADCC)
if the proper IgG1monoclonal antibody (mAb) target is present
on the surface of tumor cells.34–39 We have previously reported
the ability of avelumab to mediate the lysis of a range of human
carcinomas in vitro by ADCC in the presence of peripheral
blood mononuclear cells (PBMCs) or NK cell effectors.34,39

Data from our laboratory have previously shown that
clinically relevant exposure of breast and prostate carcinoma
cells to HDAC inhibitors increases their expression of
human leukocyte antigen (HLA) and antigen processing
and presentation proteins, reversing tumor resistance to T
cell‒mediated lysis.40 Here, we used two distinct classes of
HDAC inhibitors, vorinostat and entinostat, to examine the
potential of epigenetic priming of multiple human carci-
noma cell types and NK cell effectors to modulate the
expression of NK ligands and receptors, and PD-L1.
Vorinostat, a pan-HDAC inhibitor that suppresses the activ-
ity of class I and IIb HDACs, is currently approved by the
Food and Drug Administration for the treatment of cuta-
neous T-cell lymphoma.41,42 Entinostat is a class I HDAC
inhibitor under clinical investigation for the treatment of
multiple malignancies.42 We also investigated the effect of
entinostat on NK effector function and carcinoma sensitivity
to lysis in the presence or absence of the PD-L1 targeting
mAb avelumab. To the best of our knowledge, our data
demonstrate for the first time that HDAC inhibition of NK
and/or tumor cells enhanced avelumab-mediated ADCC. Of
note, entinostat treatment promoted a more active pheno-
type on NK cells from healthy donor and heavily pretreated
cancer patient PBMCs. Data presented here offer a rationale
for combining HDAC inhibitors with mAbs targeting the

PD-1/PD-L1 axis, including for patients who are refractory
or expected to not respond to these therapies alone due to
absent or low PD-L1 tumor expression.

Results

Clinically relevant exposure of prostate and NSCL
carcinoma cells to HDAC inhibitors modulates MIC-A/B
and PD-L1 expression

Throughout this study, clinically relevant exposures of both
HDAC inhibitors were used and were performed as follows.
Carcinoma cells were exposed to DMSO or entinostat
(500 nM) for 72 hours, which is the range of entinostat
exposure (Cmax, AUC) attained in cancer patients dosed orally
once weekly at 4 mg/m2.43 Alternatively, tumor cells were
exposed daily for 5 hours to DMSO or vorinostat (3 µM) for
4 consecutive days, mimicking the range of vorinostat expo-
sure (Cmax, AUC) attained in cancer patients after a once-
daily oral dose of 400 mg.44

Tumor cell lysis by NK cells is partially dictated by direct
NK cell engagement with stimulatory ligands, such as MHC
class I-related chain molecules A and B (MIC-A/B).25,27

Therefore, we began by assessing the effect that vorinostat
and entinostat had on the extracellular expression of MIC-A/
B on prostate (DU145 and PC-3) and NSCL (NCI-H44 and
NCI-H460) carcinoma cells. The data in Table 1 are repre-
sented as fold increases of percent positive or geometric mean
fluorescence intensity (gMFI) of MIC-A/B or PD-L1 induced
by HDAC inhibitor treatment over DMSO-treated cells. The
raw data of percent positive and gMFI for this table are in
Supplemental Table 1. Exposure to vorinostat induced a sub-
stantial fold increase in the percentage of cells expressing
MIC-A/B and on a per cell basis (gMFI) on 3/4 cell lines,
namely PC-3, DU145, and H460 (Table 1). Exposure to enti-
nostat also substantially increased the gMFI and/or the per-
centage of cells with MIC-A/B expression on 3/4 cell lines
examined (DU145, H460, and H441). In only 2/4 cells lines,
however, did both vorinostat and entinostat enhance MIC-A/
B. No significant effects of either HDAC inhibitor were
observed on the viability of tumor cells (Supplemental
Table 1).

In multiple tumor types, cell-surface expression of PD-L1
has been shown to determine tumor-cell sensitivity to
ADCC mediated by the anti-PD-L1 mAb avelumab in
vitro.34,39 We investigated if cell surface expression of PD-
L1 in prostate and NSCL cancer cell lines was altered by
HDAC inhibitor treatment. In two out of four cancer cell
lines, H460 and DU145, exposure to vorinostat increased
the fold change of the gMFI and percentage of cells with
PD-L1 expression compared to DMSO-treated cells
(Table 1). A minor increase in PD-L1 expression was also
observed on PC-3 cells. Vorinostat had no significant effect
on PD-L1 expression on H441 carcinoma cells (Table 1). In
contrast, entinostat exposure increased cell-surface expres-
sion of PD-L1 in all four prostate and NSCL carcinoma cell
lines examined. H460, H441, and PC-3 cells exposed to
entinostat showed a substantial fold increase in PD-L1
expression both in percentage and on a per cell basis
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relative to DMSO-treated cells, while a slight increase in
PD-L1 expression was observed on DU145 cells. Overall,
these data indicate that different HDAC inhibitors can
differentially increase MIC-A/B and PD-L1 expression on
carcinoma cells in vitro.

HDAC inhibitors modulate PD-L1 cell-surface expression
on human NSCL and prostate carcinoma cells in vivo

Next, we examined the effect of both HDAC inhibitors on PD-
L1 expression in vivo. Female nu/numice (n = 3) were implanted
with NCI-H460 (lung), DU145 (prostate), or PC-3 (prostate)
carcinoma cells. When tumors reached 0.5–1 cm3, animals
received four daily doses of DMSO or vorinostat (150 mg/kg,
p.o.). Alternatively, animals received a single dose of entinostat
(20 mg/kg, p.o.) or DMSO 72 hours prior to tumor excision.
Frozen specimens were examined for cell-surface expression of
human PD-L1 by immunofluorescence. Quantification of PD-
L1 expression levels was determined by analysis of fluorescent
image intensity (ImageJ). As shown in Figure 1, all control
tumors had very low cell-surface expression of PD-L1 in vivo.
However, treatment of animals withHDAC inhibitors promoted
upregulation of PD-L1 in the TME. In H460 tumors, PD-L1
levels (MFI) were increased 11.91-fold after entinostat adminis-
tration relative to DMSO-treated controls. Vorinostat treatment
also augmented expression of PD-L1 in these tumors, albeit to a
lower degree (1.32-fold). Similar effects were attained in prostate
tumor xenografts where PD-L1 expression in the TME of PC-3
tumors was increased by 1.31-fold and 4.49-fold after treatment
with vorinostat and entinostat, respectively. Similarly, vorinostat
and entinostat induced 1.58-fold and 2.83-fold increase in mean
PD-L1 expression in DU145 tumors, respectively. These data
support our in vitro observations (Table 1) that the two classes of
HDAC inhibitors can differentially upregulate PD-L1 in distinct
tumor types. Interestingly, entinostat increased PD-L1 levels in
vivo and in vitro to a greater extent than vorinostat at clinically
relevant concentrations tested here (Table 1, Figure 1).

Prostate and NSCL carcinoma cells exposed to HDAC
inhibitors are significantly more sensitive to avelumab-
mediated ADCC and direct NK lysis

To determine whether the augmented PD-L1 and MIC-A/B
expression observed in carcinoma cells after exposure to
HDAC inhibitors affected the sensitivity of prostate and
NSCL tumor cells to NK cell‒mediated attack, DU145,
PC-3, H460, and H441 cells were exposed to vorinostat,
entinostat, or DMSO, and then washed prior to being used
as targets for avelumab-mediated and direct NK cell lysis in
vitro. NK cells purified from two healthy donor PBMCs
were used as effectors. For both direct NK lysis and
ADCC-mediated lysis, the fold increase induced by the
HDAC inhibitor over DMSO was calculated (Table 2).
Focusing first on prostate cancer cells, tumor cell exposure
to vorinostat significantly enhanced avelumab-mediated NK
lysis of DU145 cells (Figure 2A) and PC-3 cells (Figure 2B)
compared to DMSO-treated cells with an average fold
increase from the two healthy donors of 1.7 and 1.3,
respectively (Table 2). The same cell lines exposed to enti-
nostat, however, had a heightened sensitivity to avelumab-
mediated NK lysis (Figure 2C and D) with the average fold
increase for DU145 and PC-3 of 2.9 and 4.0, respectively
(Table 2). In addition, entinostat rendered DU145 cells
(fold increase 3.9) and PC-3 cells (fold increase 40.5) sig-
nificantly more sensitive to direct NK cell lysis relative to
DMSO-treated cells, whereas vorinostat showed no effect
on either cell line (Figure 2A-D, gray bars; Table 2).

Similar results were observed with NSCLC cell lines.
Vorinostat exposure significantly augmented avelumab-
mediated NK lysis of H460 (Figure 2E) and H441 cells
(Figure 2F) relative to DMSO-treated cells with the average
fold increase of 1.5 and 1.4, respectively (Table 2). Increased
direct NK lysis of H460 (1/2 healthy donors) and H441 cells (2/
2 healthy donors) was also observed with exposure to either
HDAC inhibitor (Figure 2E-H, gray bars; Table 2). In addition,

Table 1. Effect of tumor cell exposure to HDAC inhibitors on cell-surface expression of MIC-A/B and PD-L1.

Fold Increase

Marker: MIC A/B PD-L1

Tumor Cell Line Treatment: Vorinostat Entinostat Vorinostat Entinostat

Prostate PC-3 % positive 1.75 0.92 1.12 1.54
gMFI 1.34 0.84 1.21 1.64

DU145 % positive 2.18 1.33 1.25 1.24
gMFI 3.14 2.33 1.77 1.25

NSCLC H460 % positive 5.46 1.03 1.27 5.78
gMFI 2.52 2.63 2.78 6.64

H441 % positive 0.90 2.14 1.00 1.27
gMFI 0.96 1.97 1.10 1.65

SCLC H11882 % positive NE 1.15 NE 3.75
gMFI NE 1.07 NE 2.17

TNBC MDA-MB-231 % positive NE 1.00 NE 0.99
gMFI NE 1.06 NE 1.37

SUM159PT % positive NE 3.87 NE 4.43
gMFI NE 4.96 NE 3.96

Ov Hey-T30 % positive NE 2.25 NE 5.28
gMFI NE 6.30 NE 4.58

# of cell lines with upregulation: 3/4 5/8 2/4 8/8

Carcinoma cells were exposed to vorinostat or entinostat, as described in Materials and Methods, prior to flow cytometric analysis. Data are presented as fold change
relative to that of control DMSO-treated cells for both % positive and geometric MFI (gMFI). Data are representative of at least 2 independent experiments. Values
in bold represent an increase equal or above 1.25-fold in protein levels and/or gMFI in treated cells compared to DMSO controls. Raw data are shown in
Supplemental Table 1.

NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; TNBC, triple negative breast cancer; Ov, ovarian. NE, not examined.
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entinostat exposure significantly enhanced avelumab-mediated
NK lysis of H460 cells (Figure 2G) and H441 cells (Figure 2H)
compared to DMSO-treated cells with the average fold increase
of 1.2 and 1.9, respectively (Table 2). These data indicate that
exposure to either HDAC inhibitor significantly enhances both
avelumab-mediated lysis and direct NK cell‒mediated lysis of
prostate and/or NSCL carcinoma cell lines.

Avelumab-mediated NK lysis of carcinoma cells exposed
to HDAC inhibition is dependent on CD16 engagement

ADCC lysis mediated by human NK cells occurs when
CD16 (FcγRIII) on NK effectors interacts with the Fc
portion of IgG1 antibodies bound to target cells.31,35

CD16 engagement has been shown to be a critical compo-
nent of ADCC lysis mediated by avelumab.34 To confirm
that increased NK cell lysis of carcinoma cells exposed to
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Figure 1. Vorinostat and entinostat modulate PD-L1 expression in human lung and prostate tumor xenografts. Female nu/nu mice implanted with NCI-H460
(lung), PC-3 (prostate), or DU145 (prostate) carcinoma cells received four daily doses of DMSO or vorinostat (150 mg/kg, p.o.). Tumors were excised 24 h after
the last dose. Alternatively, animals received a single dose of entinostat (20 mg/kg, p.o.) or DMSO 72 h prior to tumor excision. Frozen sections were examined
for cell-surface expression of human PD-L1 by immunofluorescence, using anti-human PD-L1 (clone SP142) and goat anti-rabbit AF594, and counterstained
with DAPI-containing mounting medium, as described in Materials and Methods. Confocal images are shown at 20X magnification and are representative of 3
animals/treatment. Inset numbers: relative PD-L1 expression levels were calculated using ImageJ software by normalizing the intensity values to their
respective DMSO-treated controls.

Table 2. Fold changes in direct NK lysis or avelumab-mediated ADCC lysis with
HDAC inhibitor exposure of prostate and NSCLC cell lines.

HDAC-induced Fold Increase

Direct NK Lysis ADCC-mediated Lysis

Tumor Cell Line Vorinostat Entinostat Vorinostat Entinostat

Prostate DU145 HD1 1.2 2.1 1.9 2.4
HD2 0.2 5.7 1.4 3.3
Average 0.7 3.9 1.7 2.9

PC-3 HD1 1.0 8.5 1.2 3.5
HD2 1.7 72.4 1.5 4.4
Average 1.3 40.5 1.3 4.0

NSCLC H460 HD1 1.2 3.1 1.2 1.1
HD2 2.1 0.9 1.7 1.3
Average 1.6 2.0 1.5 1.2

H441 HD1 1.5 1.7 1.3 2.2
HD2 2.1 1.9 1.5 1.6
Average 1.8 1.8 1.4 1.9

Table contains the fold change of HDAC inhibitor treated cells over DMSO
treated cells for the indicated type of NK lysis from two healthy donors (HD)
from data in Figure 2.

NSCLC, non-small cell lung cancer.
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HDAC inhibitors in the presence of avelumab is specifi-
cally mediated by ADCC, NK effectors isolated from
PBMCs of two healthy donors were exposed to a CD16-
blocking antibody prior to being used in an in vitro ADCC
assay. As shown in Figure 3, the presence of CD16-block-
ing antibody significantly inhibited the lysis of both

DMSO- and vorinostat-treated H460 cells in the presence
of avelumab, confirming that the augmented NK cell lysis
of carcinoma cells exposed to HDAC inhibitors in the
presence of avelumab is mediated by ADCC. Similar
results were observed with DU145 carcinoma cells exposed
to entinostat (Supplemental Figure 1).
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Figure 2. Prostate and NSCL human carcinoma cells exposed to vorinostat or entinostat are more sensitive to avelumab-mediated ADCC. DU145 (A, C) and PC-3 (B,
D) prostate carcinoma cells and H460 (E, G) and H441 (F, H) NSCL carcinoma cells were exposed to vorinostat (A, B, E, F), entinostat (C, D, G, H), or DMSO, as described
in Materials and Methods, prior to being used as targets for NK cell lysis (4 h), in the presence or absence of avelumab or isotype control (2 ng/mL). Purified NK cells
from 2 healthy donors were used as effectors at an effector:target ratio of 30:1. Results are presented as mean ± S.E.M. from 3 replicate wells, and are representative
of 2–4 independent experiments. Asterisks denote statistical significance relative to controls (2-way ANOVA). * p < 0.05; ** p < 0.01; *** p < 0.001.
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Exposure of multiple carcinoma types to entinostat
modulates various ligands and immune-relevant proteins
involved in NK cell recognition and tumor cell lysis

Because entinostat is a more specific HDAC inhibitor targeting
only class I enzymes and having a lower frequency of adverse
events compared to vorinostat,45 from this point forward we
performed a more comprehensive analysis focusing on the effect
of entinostat on additional carcinoma types and on NK cell
function. Previously, we showed that entinostat and vorinostat
augmented the cell surface expression of MIC-A/B and PD-L1
on prostate and NSCL carcinomas (Table 1), but NK-mediated
recognition and elimination of tumor cells is dictated by direct
NK cell engagement with multiple other inhibitory and activat-
ing ligands. Therefore, we expanded our examination of cell
surface proteins on tumors cells to include the NK activating
ligands for NKG2D (MIC-A/B and ULBP proteins), DNAM-1
(CD112 (nectin-2) and CD155 (PVR)), LFA-1 (ICAM-1), and
NKp30 (B7-H6), as well as the inhibitor of NK cell function,
MHC class I/HLA-ABC.27,31,35 Additionally, we examined the
death receptors TRAIL-R2 (DR5) and Fas, both known to be
involved in NK-mediated tumor lysis.46,47 The carcinoma types
we examined were also expanded to include not only prostate
(DU145 and PC-3) and non-small cell lung (H441 and H460),
but also small-cell lung (H1882), triple-negative breast (MDA-
MB-231 and SUM159PT), and ovarian (HEY-T30) cancers. The
effect of entinostat was assessed by exposing these carcinoma
cells in vitro to DMSO or entinostat as described before analyz-
ing by flow cytometry the surface expression of the aforemen-
tioned proteins. Consistent with results in prostate and NSCL
cancer cell lines (Table 1 and Supplemental Table 1), entinostat
exposure substantially upregulated the NKG2D ligandMIC-A/B
in 2/4 additional cell lines, namely SUM159PT (triple-negative
breast; TNB) andHEY-T30 (ovarian) (Table 1 and Supplemental
Table 1). Entinostat exposure also significantly increased the
cell-surface expression of ULBP proteins across diverse tumor
types (Table 3). This included ULBP-1 upregulation in 3/8
tumor cell lines (prostate and SCL), ULBP-3 in 3/8 tumor cell

lines (NSCL, SCL, and TNB), and ULBP-2/5/6 in 4/8 cell lines
(NSCL, SCL, TNB, and ovarian) examined (Table 3). Entinostat
had lesser effects on ULBP-4 and B7-H6 expression
(Supplemental Table 2). On a per cell basis (MFI), exposure to
entinostat substantially augmented the expression of the
DNAM-1 ligands CD112 and CD155 in half of the cell lines
examined, and expression of ICAM-1 in 6/8 cell lines examined.
Similar results were observed with augmented expression of
death receptors Fas (4/8 cell lines) and DR5 (5/8 cell lines).
While all cell lines examined had HLA-ABC expression levels
greater than 90%, entinostat increased the NK inhibitor HLA-
ABC on a per cell basis (MFI) in 6/9 cell lines. These data will be
discussed below in light of other data. Consistent with our
observations in prostate and NSCL cancer cell lines (Table 1),
entinostat significantly increased the expression of PD-L1 in all
four cell lines examined, H1882 (SCLC), MDA-MB-231
(TNBC), SUM159PT (TNBC), and HEY-T30 (ovarian)
(Table 1 and Supplemental Table 1). These data indicate that
entinostat exposure increases the expression of a variety of
immune relevant proteins on multiple carcinoma cell lines,
suggesting that a more productive immunological synapse
could form between NK and tumor cells.

Diverse carcinoma cell types exposed to entinostat are
more sensitive to NK-mediated attack through direct lysis
and anti-PD-L1‒mediated ADCC

Extending what was shown in Figure 2 to additional cancer
types, we investigated if entinostat exposure of cells from
ovarian and small cell lung cancers also enhanced NK-
mediated direct lysis. Ovarian (OVCAR-3, SK-OV-3, HEY-
T30) and SCL (H1882) carcinoma cells were exposed to enti-
nostat or DMSO as described before, and then washed prior
to being used in vitro as targets for direct NK cell lysis. NK
cells purified from PBMCs from two healthy donors were
used as effectors. As shown in Figure 4A, OVCAR-3 cells
exposed to entinostat were significantly more sensitive to
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Figure 3. Avelumab-mediated lysis of carcinoma cells is decreased by CD16 neutralization. NCI-H460 lung carcinoma cells were exposed to vorinostat or DMSO, as
described in Materials and Methods, prior to being used as targets for NK cell lysis (4 h) in the presence or absence of avelumab or isotype control (2 ng/mL). Where
applicable, NK cells were pretreated for 2 h with anti-CD16 blocking antibody (12 µg/mL) prior to being used as effectors. Purified NK cells from 2 healthy donors
were used as effectors at an effector:target ratio of 30:1. Results are presented as mean ± S.E.M. from 3 replicate wells, and are representative of 2–4 independent
experiments. P values denote statistical significance relative to DMSO controls (2-way ANOVA). HD, healthy donor.

e1466018-6 K. C. HICKS ET AL.



Ta
bl
e
3.

Ef
fe
ct

of
tu
m
or

ce
ll
ex
po

su
re

to
en
tin

os
ta
t
on

ce
ll-
su
rf
ac
e
ex
pr
es
si
on

of
im
m
un

e-
re
le
va
nt

pr
ot
ei
ns
.

%
Po
si
tiv
e
(M

FI
)

Tu
m
or

Ce
ll
Li
ne

Tr
ea
tm

en
t

U
LB

P-
1

U
LB

P-
3

U
LB

P-
2/
5/
6

CD
11

2
CD

15
5

IC
A
M
-1

Fa
s

D
R5

H
LA

-A
BC

Pr
os
ta
te

PC
-3

D
M
SO

26
.2

(4
8)

76
.7

(1
10
)

24
.6

(4
0)

95
.9

(2
95
)

72
.7

(1
60
)

72
.2

(1
35
)

16
.5

(2
6)

63
.7

(1
19
)

90
.1

(3
04
)

En
tin

os
ta
t

32
.8

(5
0)

71
.7

(1
00
)

26
.1

(3
9)

95
.2

(3
90

)
76
.1

(1
83
)

84
.2

(1
94

)
29

.5
(3
7)

68
.8

(1
29
)

96
.3

(5
88

)
D
U
14
5

D
M
SO

33
.6

(5
9)

62
.8

(1
05
)

≤
5

96
.4

(4
51
)

96
.5

(1
01
3)

95
.3

(2
19
0)

57
.3

(9
9)

96
.0

(9
68
)

95
.7

(1
43
7)

En
tin

os
ta
t

48
.9

(8
6)

59
.6

(9
2)

≤
5

96
.0

(4
29
)

96
.4

(1
11
9)

95
.5

(2
77

3)
64
.6

(1
09
)

97
.0

(1
25

2)
96
.0

(2
34

9)
N
SC
L

H
46
0

D
M
SO

68
.7

(8
7)

14
.4

(2
4)

27
.2

(2
8)

96
.0

(2
82
)

95
.7

(8
88
)

10
.8

(1
8)

92
.5

(2
25
)

96
.3

(1
09
0)

97
.7

(8
6)

En
tin

os
ta
t

65
.0

(8
0)

27
.3

(4
3)

38
.5

(3
8)

95
.4

(4
02

)
95
.9

(1
31

8)
8.
1
(1
5)

94
.8

(2
92

)
94
.8

(2
31

5)
95
.6

(1
20

)
H
44
1

D
M
SO

≤
5

14
.0

(3
9)

≤
5

96
.2

(7
24
)

97
.7

(1
07
1)

98
.0

(3
96
8)

54
.1

(8
7)

46
.5

(9
9)

97
.8

(1
56
0)

En
tin

os
ta
t

≤
5

23
.6

(5
8)

≤
5

95
.3

(7
03
)

97
.2

(1
58

4)
98
.0

(2
72
3)

39
.9

(6
5)

68
.5

(1
77

)
97
.2

(1
83
8)

SC
L

H
18
82

D
M
SO

27
.5

(3
2)

9.
8
(2
7)

53
.5

(7
6)

92
.3

(4
15
)

92
.8

(6
87
)

2.
2
(6
)

13
.7

(3
0)

≤
5

92
.6

(1
09
0)

En
tin

os
ta
t

52
(5
7)

31
.5

(5
1)

64
.7

(9
7)

90
(5
42

)
91
.6

(7
26
)

7.
3
(1
5)

29
.1

(4
8)

≤
5

89
.4

(1
71

2)
TN

B
M
D
A-
M
B-
23
1

D
M
SO

≤
5

N
E

71
.6

(1
03
)

95
.6

(1
07
8)

97
.0

(2
04
3)

81
.6

(2
56
)

10
.8

(2
9)

93
.5

(7
18
)

96
.8

(3
39
5)

En
tin

os
ta
t

≤
5

N
E

66
.9

(9
7)

95
.2

(8
05
)

97
.6

(2
22
2)

93
.3

(8
20

)
33

.9
(6
7)

93
.7

(9
44

)
96
.6

(3
80
9)

SU
M
15
9P
T

D
M
SO

≤
5

5.
6
(1
3)

32
.3

(5
0)

95
.8

(2
77
)

94
.4

(5
19
)

96
.6

(3
97
)

79
.5

(2
11
)

72
.4

(9
3)

96
.5

(9
74
)

En
tin

os
ta
t

≤
5

9.
8
(2
3)

36
.8

(6
6)

95
.7

(5
12

)
95
.0

(1
88

2)
94
.5

(4
97

)
32
.1

(1
48
)

48
.3

(7
4)

97
.1

(2
34

3)
O
V

H
EY
-T
30

D
M
SO

≤
5

7.
9
(2
1)

2.
8
(7
)

96
.2

(1
19
9)

97
.9

(2
86
)

12
.1

(2
0.
9)

93
.4

(1
33
4)

58
.5

(1
02
)

96
.2

(3
03
)

En
tin

os
ta
t

≤
5

13
.2

(4
4)

14
.1

(2
5)

94
.3

(1
39
6)

98
.1

(6
06

)
96

(1
03

8.
5)

95
.1

(1
18
6)

57
.3

(1
64

)
97

(9
26

)
Fr
ac
tio

n
of

ce
ll
lin
es

w
ith

up
re
gu

la
tio

n:
3/
8

4/
8

4/
8

4/
8

4/
8

6/
8

4/
8

5/
8

6/
8

Ca
rc
in
om

a
ce
lls

w
er
e
ex
po

se
d
to

en
tin

os
ta
t,
as

de
sc
rib

ed
in

M
at
er
ia
ls
an
d
M
et
ho

ds
,p
rio

r
to

flo
w
cy
to
m
et
ric

an
al
ys
is
.D

at
a
ar
e
pr
es
en
te
d
as

pe
rc
en
ta
ge

of
vi
ab
le
ce
lls

ex
pr
es
si
ng

th
e
de
si
gn

at
ed

ce
ll-
su
rf
ac
e
pr
ot
ei
ns

re
la
tiv
e
to

th
at

of
co
nt
ro
lD

M
SO

-t
re
at
ed

ce
lls
.V
al
ue
s
in

br
ac
ke
ts
re
pr
es
en
t
ge
om

et
ric

M
FI
.V
al
ue
s
in

bo
ld

re
pr
es
en
t
an

in
cr
ea
se

eq
ua
lo

r
ab
ov
e
25
%

in
pr
ot
ei
n
le
ve
ls
an
d/
or

M
FI
in

tr
ea
te
d
ce
lls

co
m
pa
re
d
to

co
nt
ro
ls
.N

E,
no

t
ex
am

in
ed
.

D
at
a
ar
e
re
pr
es
en
ta
tiv
e
of

at
le
as
t
2
in
de
pe
nd

en
t
ex
pe
rim

en
ts
.

N
SC
LC
,n

on
-s
m
al
lc
el
ll
un

g
ca
nc
er
;S
CL
C,

sm
al
lc
el
ll
un

g
ca
nc
er
;T
N
BC

,t
rip

le
ne
ga
tiv
e
br
ea
st
ca
nc
er
;O

v,
ov
ar
ia
n.

ONCOIMMUNOLOGY e1466018-7



NK-mediated lysis at various effector:target (E:T) ratios than
control DMSO-exposed cells. Similar results were attained
with ovarian cancer cell lines SK-OV-3 and HEY-T30, as
well as the SCL carcinoma cell line H1882 with NK cells
from both healthy donors. Ovarian (OVCAR-3, SK-OV-3,
HEY-T30) and TNB (MDA-MB-231) carcinoma cells were

also significantly more sensitive to PD-L1‒specific NK target-
ing through avelumab-mediated ADCC (Figure 4B).
Interestingly, entinostat treatment of OVCAR-3 and SK-OV-
3 cells elevated NK-mediated direct lysis to a level that was
above or equal to the level of lysis with avelumab-mediated
ADCC of DMSO treated cells (Figure 4B). These data

Figure 4. Entinostat exposure of carcinoma cells increases their sensitivity to NK-mediated attack through direct lysis and anti-PD-L1‒mediated ADCC. (A) Ovarian
(OVCAR-3, SK-OV-3, HEY-T30) and SCL (H1882) human carcinoma cells were exposed to entinostat or DMSO, as described in Materials and Methods, prior to being
used as targets for NK cell lysis (15 h). (B) Ovarian (OVCAR-3, SK-OV-3, HEY-T30) and TNB (MDA-MB-231) carcinoma cells were exposed to entinostat, or DMSO as
above, prior to being used as targets for NK cell lysis (15 h) in the presence of avelumab or isotype control (2 ng/ml). Purified NK cells from 2 healthy donors were
used as effectors at the designated effector:target (E:T) ratios. (C) DU145 cells were treated as in (B) with the addition M7824 (2.46ng/mL) and at a E:T ratio of 20:1.
Results are presented as mean ± S.E.M. from 3 replicate wells. Results on direct NK lysis and PD-L1‒mediated ADCC are representative of 2–4 independent
experiments. Results on M7824-mediated ADCC are representative of 1 independent experiment. P values denote statistical significance relative to DMSO controls (2-
way ANOVA). HD, healthy donor; TNBC, triple negative breast cancer.
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demonstrate that carcinomas of diverse origins exposed to
entinostat are more sensitive to human NK cell lysis, either
directly or through avelumab-mediated ADCC.

We also investigated if the PD-L1 targeting antibody M7824
(MSB0011359C) could elicit similar increases in ADCC of enti-
nostat-treated targets. M7824 is a first-in-class fully human
bifunctional molecule composed of the extracellular domain of
human TGFβRII (TGFβ Trap) linked to the C-terminus of anti-
PD-L1 heavy chain. Our laboratory has previously shown
M7824 to be capable of mediating ADCC of a wide range of
human carcinoma cells in vitro, albeit to a lesser extent than
avelumab.48 Using an equimolar concentration of M7824 to
avelumab, entinostat treatment of DU145 significantly enhanced
the M7824-mediated ADCC (Figure 4C). However, M7824-
mediated ADCC of DU145 cells was reduced compared to
avelumab-mediated ADCC (Figure 4C).

Treatment of cancer patient PBMCs with HDAC inhibitors
reduced Tregs and had minimal impact on other immune
cell types

Next, we investigated if these drugs had any impact in vitro
on NK cells and other immune subsets in PBMCs of cancer
patients. Via flow cytometry, we identified nine classic
immune cell types and 114 refined subsets relating to their
maturation and function in PBMCs from seven heavily
pretreated metastatic breast cancer patients after entinostat,
vorinostat, or DMSO exposure (Supplemental Table 3).
Neither HDAC inhibitor altered the viability of the
PBMCs (Supplemental Tables 4 and 5). Furthermore, there
was minimal to no change in the frequency of CD4+ T cells,
CD8+ T cells, NKT, B cells, plasmacytoid dendritic cells
(DCs), and myeloid derived suppressor cells (MDSCs). No
change was observed in the frequency of NK cells with
either HDAC inhibitor, but there was a decrease in the
double negative non-lytic, non-cytokine producing NK
cells after exposure to entinostat (Supplemental Table 4).
Of note, entinostat exposure significantly increased the fre-
quency of conventional DCs in 7/7 patient samples
(p = 0.0156) and markedly decreased the frequency of
regulatory T cells (Tregs) and MFI of FoxP3 in 5/7 patient
samples (p = 0.0156) (Supplemental Table 4 and
Supplemental Figure 2). Vorinostat exposure also decreased
Treg frequency and FoxP3 expression, albeit to a lesser
degree as compared to entinostat (Supplemental Figure 2
and Supplemental Table 5). Thus, treatment of cancer
patient PBMCs with HDAC inhibitors had no adverse
effects on classic immune subsets. However, both HDAC
inhibitors reduced Tregs, which are known immune
suppressors.

Entinostat increases effector function of human NK cells

Mounting evidence suggests that NK effector function is epigen-
etically regulated, including through control of histone
acetylation.27,28 Thus, we investigated if NK cell function could
be modulated by exposure to entinostat. Human NK cells iso-
lated from healthy donors were exposed to DMSO or entinostat
for 24 hours and then washed prior to being used as effectors for

NK-mediated lysis of DMSO or entinostat-treated carcinoma
cells. As shown in Figure 5A, treating NK cells with entinostat
resulted in significantly enhanced lysis of OVCAR-3 exposed to
either DMSO or entinostat. Similar results were observed on the
lysis of the SLC carcinoma line H1882. In addition, NK cells
exposed to entinostat were able to lyse prostate (PC-3) and
NSCL (H460) carcinoma cells exposed to either DMSO or enti-
nostat more efficiently through avelumab-mediated ADCC
(Figure 5B). These data indicate that HDAC inhibition with
entinostat in human healthy donor NK cells augments their
cytotoxicity against diverse tumor types.

Entinostat modulates the phenotype of human healthy
donorNK cells towards amore active and cytotoxic signature

To understand the mechanism associated with entinostat-
induced heightened cytotoxicity of NK cells, purified NK
cells from three healthy donors treated for 48 hours with
entinostat or DMSO were examined for the expression of
multiple activation markers by flow cytometry. As shown in
Figure 6A, entinostat induced a significant increase in protein
expression in 3/4 activating receptors, namely NKG2D
(p = 0.018), NKp30 (p = 0.0145), and DNAM-1 (p = 0.0087)
in mature CD3−CD56DIMCD16+ NK cells from all healthy
donors examined, albeit decreasing NKp46 expression
(p = 0.0073). Entinostat exposure also significantly increased
the proliferative capacity of mature NK cells as denoted by
Ki67 expression (p = 0.035). For all healthy donors, granzyme
B expression was markedly increased (p = 0.008) upon NK
exposure to entinostat, suggesting augmented NK cytolytic
function. Entinostat also increased the expression of the acti-
vating receptors NKG2D (p = 0.025) and NKp30 (p = 0.01) on
a per cell basis on 3/3 healthy donors’ CD56BRIGHT immature
NK cells (Figure 6B). Altogether these data indicate that
entinostat promotes activation of both mature and immature
human NK cells through multiple mechanisms.

Entinostat modulates the phenotype of NK cells from
cancer patients towards a more active signature

It has been shown that NK cells from cancer patients’ PBMCs
have decreased expression of activation receptors and functional
defects;49,50 we thus investigated if entinostat treatment could
increase the activation phenotype of these NK cells. PBMCs
from seven heavily pretreated metastatic breast cancer patients
were treated for 48 hours with a clinically relevant exposure of
entinostat or DMSO. As stated before, entinostat had no effect
on the viability of PBMCs and did not alter NK cell frequency
(Supplemental Table 4). However, entinostat exposure markedly
increased the population of CD3−CD56DIMCD16+ mature NK
cells expressing NKG2D, NKp30, and DNAM-1 (p = 0.0156)
(Figure 7A), indicating a more active phenotype. This effect was
also observed on a per cell basis, as reflected by an increase in
NKG2D and DNAM-1 MFI in NK cells from all seven patients.
Similar results were observed in CD3−CD56BRIGHT immature
NK cells when PBMCs were exposed to entinostat relative to
DMSO control (Figure 7B). Overall, these results suggest entino-
stat promotes an NK cell phenotype associated with activation in
metastatic cancer patients.
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Figure 5. Entinostat modulates the cytotoxicity of NK cells from healthy donors to augment the lysis of multiple human carcinoma cells. Human NK cells isolated
from 2 healthy donors were exposed to DMSO or entinostat for 24 h prior to being used as effectors at the designated E:T ratios for NK-mediated lysis (15 h) in the
presence of avelumab or IgG1 isotype control, as described in Materials and Methods. Targets were (A) DMSO or entinostat-treated OVCAR-3 or H1882 carcinoma
cells, or (B) DMSO or entinostat-treated PC-3 and H460 carcinoma cells. Results are presented as mean ± S.E.M. from 3–5 replicate wells, and are representative of 2
independent experiments. P values denote statistical significance relative to DMSO controls. NS, not statistically significant. HD, healthy donor.
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Figure 7. Entinostat modulates the phenotype of NK cells from cancer patients towards a more active signature. PBMCs from 7 heavily pretreated breast cancer
patients exposed to entinostat or DMSO for 48 h as described in Materials and Methods were examined for the expression of multiple activation markers by flow
cytometry. (A) Mature CD3−CD56DIMCD16+ NK cells. (B) Immature CD3−CD56BRIGHT NK cells. P values denote statistical significance relative to DMSO controls.

Figure 6. Entinostat modulates the phenotype of human NK cells towards a more active and cytotoxic signature. Purified NK cells from 3 healthy donors exposed to
DMSO or entinostat for 48 h as described in Materials and Methods were examined for the expression of multiple activation markers by flow cytometry. (A) Mature
CD3−CD56DIMCD16+ NK cells. (B) Immature CD3−CD56BRIGHT NK cells. P values denote statistical significance relative to DMSO controls.
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Discussion

In this study, we demonstrated that clinically relevant exposure of
tumor cells to two different classes of HDAC inhibitors resulted in
altered tumor cell phenotype and enhanced NK cell direct killing
and ADCC-mediated killing of a variety of carcinoma cells
(Figures 1 and 2, Tables 1 and 2). Further, entinostat treatment
of NK cells enhanced their ability to lyse tumors cells (Figure 5)
and promoted an activated phenotype in NK cells from both
healthy donors and heavily pretreated breast cancer patients
(Figures 6 and 7). The fact that two different types of HDAC
inhibitors both enhanced NK cell lysis of tumor cells indicates this
was most likely not due to off target effects. Furthermore, these
results are in agreement with what other reports have shown for
entinostat, vorinostat, and other HDAC inhibitors (sodium buty-
rate and sodium valproate) in other tumor types.22,51–54 One study
found that hepatocellular carcinoma cells treated with sodium
valproate had increased recognition by cytotoxic lymphocytes in
an NKG2D-dependent manner, and increased the expression of
MIC-A/B on these cells.54 Another study reported that treatment
of DAOY (medulloblastoma) and PC-3 cells withmultiple HDAC
inhibitors resulted in elevated expression of MIC-A/B, ULBP1-3,
CD112, and CD155, and enhanced lysis of these cells by IL-2‒
activated PBMCs.53 A third study demonstrated that exposure of
Ewing sarcoma cells to HDAC inhibitors elevated the expression
of MIC-A/B, ULBP1-3, CD112, and CD155 and enhanced their
lysis by IL-15 activated NK cells.52 Importantly, in our studies,
both inhibitors were used with clinically relevant exposures in an
attempt to closely approximate effects that would be seen in
patients. Additionally, NK cells in our study were freshly isolated
from PBMCs and not activated with IL-2 or IL-15 prior to being
used in killing assays.

Previous studies that investigated HDAC inhibitors enhancing
NK killing focused on either a few cells lines from melanoma,
osteosarcoma, hepatocellular carcinoma, prostate cancer, or
medulloblastoma.22,51–54 Our study simultaneously investigated
tumor cell lines from NSCL, SCL, prostate, TNB, and ovarian
origins, extending the effect of HDAC inhibition enhancing NK
killing to novel tumor types. Additionally, our study provided a
more comprehensive analysis of 12 different NK lysis relevant
proteins on the surface of nine different cell lines encompassing
five different tumor types (Tables 1 and 3, Supplemental Tables 1
and 2). These data highlight the generality of our findings by
extending them to multiple different tumor types.

It has been reported thatMHC class I/HLA-ABC presence on
tumor cells can inhibit NK cell‒mediated lysis.27,31,35 In our
tumor cell phenotype, we observed upregulation of HLA-ABC
with HDAC inhibition (Table 3). However, despite HLA-ABC
upregulation, HDAC inhibition of tumor cells augmented their
recognition and direct lysis by NK cells, as well as through
avelumab-mediated ADCC (Figures 2–4). One possible explana-
tion for this would be that the immunological synapse between a
tumor cell and NK cell is a sum of both inhibitory and activating
interactions. Since there was upregulation of many activating
ligands and receptors on both tumor and NK cells with HDAC
inhibition (Table 3, Figure 6), we may be tipping the balance
towards a more NK cell‒activating interaction. This suggests
HDAC inhibition of tumor cells and/or NK cells promotes the
formation of a more productive immunological synapse.

To investigate the impact HDAC inhibitors would have on
the immune subsets in the blood, we treated seven cancer
patients' PBMCs with vorinostat or entinostat. Entinostat has
recently been shown to decrease the frequency of circulating
Tregs in cancer patients.55 To our knowledge, our findings are
the first comprehensive analysis on the effects of these agents
spanning 123 immune subsets in PBMCs from heavily pre-
treated cancer patients (Supplemental Table 3). We observed
that vorinostat treatment of PBMCs elevated the frequency of
NKT cells (Supplemental Table 5). Entinostat treatment had
very different effects, significantly increasing the frequency of
conventional DCs and reducing the frequency of Tregs
(Supplemental Table 4 and Supplemental Figure 2). No dele-
terious effects to the other immune subsets were observed.
These data further support the use of HDAC inhibitors in
combination with immunotherapies.

Our findings also indicate that epigenetic priming of
CD56DIM mature NK cells from healthy donors and meta-
static cancer patients with entinostat induces a phenotypic
signature associated with increased activation and effector
function (Figures 6 and 7). However, entinostat decreased
the expression of the activating receptor NKp46 in NK cells
from healthy donors. NKp46 is an important receptor in NK
lytic function in infection and cancer, known to recognize
several virus-specific ligands in virus-infected cells.56–58

Currently, its ligand(s) in cancer cells remains to be
identified.58 Thus it is possible that its decreased expression
in NK cells upon entinostat exposure does not impact NK
lysis of the tumor cell lines used in our study or is overcome
by the overall observed increase in other activating ligands
and effector molecules. Entinostat also induced activation of
CD56BRIGHT immature NK cells from healthy donors and
cancer patients (Figures 6 and 7). Interestingly, it was recently
demonstrated that CD56BRIGHT NK cells are not only involved
with immunomodulation, but are also capable of lysing tumor
cells especially after priming with IL-15.59 Therefore, by
enhancing the activation of CD56BRIGHT NK cells with enti-
nostat, we may also increase the cytolytic function of these
cells. Moreover, the fact that NK cells from heavily pretreated
breast cancer patients had phenotypic changes after exposure
to entinostat similar to healthy donor NK cells was a key
novel finding of our study since it has been shown that cancer
patients often have dysfunctional NK cells that are lacking an
active phenotype.49,50

We have previously shown that ALT-803, the IL-15 super-
agonist/IL-15RαSushi-Fc fusion complex, expands and
enhances the function of NK cells.48,60 Additionally, it has
previously been shown by our laboratory that ALT-803
enhances NK lysis and ADCC induced by M7824.48 One
could speculate that the combination of ALT-803 and entino-
stat may further increase NK cell direct killing and anti-PD-
L1‒mediated ADCC.

To our knowledge, our data show for the first time that
HDAC inhibition elevated NK anti-PD-L1-mediated ADCC
of tumor cells. A previous study demonstrated PD-L1 eleva-
tion in melanoma cell lines and patient melanoma biopsies
after entinostat treatment.24 Here we demonstrate that HDAC
inhibition elevates PD-L1 levels across diverse carcinoma cell
types in vitro and in human prostate and NSCL cancer
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xenografts (Table 1, Figure 1). Normally, this would be con-
sidered a disadvantageous effect of HDAC inhibition because
PD-L1 is involved in promoting tolerance and decreasing
immune surveillance.61,62 However, the data from our study
suggest the enhanced PD-L1 levels on tumor cells could
increase the accumulation of anti-PD-L1 antibody in the
TME and subsequently enhance ADCC tumor cell lysis
(Figures 2, 4, and 5). This concept could be applied to other
antibody therapies that target PD-L1 and mediate ADCC,
such as M7824, which combines an anti-PD-L1 antibody
with a TGFβ Trap, increasing the amount of the bifunctional
antibody conjugate in the TME (Figure 4C).48,63

Also, it is important to note that the effectiveness of
this combination of entinostat and avelumab may, in part,
be due to the substantial elevation in PD-L1 on the tumor
cell surface. For instance, entinostat exposure did not
consistently elevate the percent of cells expressing epider-
mal growth factor receptor (EGFR) on their cell surface
(2/9 cell lines) or its expression on a per cell basis (4/9
cell lines) (Supplemental Table 2) as it did for PD-L1.
Accordingly, targeting these cells with the anti-EGFR
antibody cetuximab showed that entinostat exposure
only modestly and inconsistently enhanced cetuximab-
mediated ADCC of four out of 13 different cell lines
(Supplemental Figure 3).

From a therapeutic perspective, HDAC inhibitors may sensi-
tize patients to therapies targeting PD-1/PD-L1, such as avelu-
mab or M7824. Innate or acquired resistance to therapies
targeting PD-1/PD-L1 has been shown to be most prevalent in
patients with poor PD-L1 expression in the TME as well as those
harboring defects in IFN-γ signaling and antigen processing and
presentation pathways. 8–11 HDAC inhibitors enhance these
factors. First, we show in this study that HDAC inhibition
enhances PD-L1 expression on human carcinoma cells in vitro
and in vivo (Table 1, Figure 1). Additionally, we and others have
previously shown that HDAC inhibitors can restore protein
expression of MHC class I and antigen processing and presenta-
tion molecules.23,40,64 This sensitization to PD-1/PD-L1 thera-
pies by HDAC inhibition may be translated into tumor types
where this class of agents has not yet generated significant
clinical outcome, such as prostate, SCL, ovarian, and TNB carci-
nomas. One could speculate that this sensitization could trans-
form a cold/non-inflamed tumor into a hot/inflamed tumor that
is supported by preclinical studies demonstrating that romidep-
sin, a class I HDAC inhibitor, enhances CD8 T cell infiltration.65

Moreover, an ongoing clinical trial with pembrolizumab (anti-
PD-1) and entinostat in melanoma patients previously treated
with anti-PD-1 therapy has shown promising signs of clinical
efficacy in this patient population. Of note, a patient who pre-
viously progressed on therapy with nivolumab (anti-PD-1) and
ipilimumab (anti-CTLA-4) had a confirmed partial response.
This patient converted from a PD-L1 negative non-inflamed
gene signature (“cold”) to a PD-L1 positive inflamed gene sig-
nature (“hot”) after 2 weeks of treatment.66 Currently, entinostat
is being examined clinically in combination with the PD-L1
targeting mAbs avelumab and atezolizumab in patients with
ovarian (NCT02915523) and TNB (NCT02708680) cancer,
respectively. Studies combining entinostat with other immune
checkpoints are also planned.

These findings underscore the potential clinical benefit of
HDAC inhibition to reprogram solid tumors and human NK
cells for subsequent response to immunotherapy, including
immune checkpoint blockade. Overall, this provides a ratio-
nale for combining HDAC inhibitors with therapies relying
on activation of the innate immune system, such as mAbs
targeting PD-L1. In particular, entinostat immunotherapy
combinations may show promise for patients who have failed
monotherapy regimens with epigenetic therapies and/or
whose tumors respond poorly to anti-PD-1/PD-L1 checkpoint
inhibitors.

Materials and methods

Tumor-cell lines

Human carcinoma cells of the ovary (OV) [SK-OV-3 (ATCC®
HTB-77), HEY-T30 (ATCC® CRL-3252), OVCAR-3 (ATCC®
HTB-161)], small cell lung (SCL) [NCI-H1882 (ATCC® CRL-
5903)], NSCL [NCI-H441 (ATCC® HTB-174™), NCI-H460
[H460] (ATCC® HTB-177™)], prostate [DU145 (ATCC®
HTB-81™), PC-3 (ATCC® CRL-1435™)], and TNB [MDA-
MB-231 (ATCC® HTB-26)] were obtained from American
Type Culture Collection (Manassas, VA, USA). The triple-
negative breast carcinoma cell line SUM-159PT [CS-08] was
obtained from Asterand Bioscience (Detroit, MI, USA). All
cell lines were used at low passage number, free of
Mycoplasma and cultured at 37°C/5% CO2 in medium desig-
nated by the provider for propagation and maintenance.

Human healthy donor NK cells

PBMCs from healthy donors obtained from the National
Institutes of Health Clinical Center Blood Bank
(NCT00001846) were separated by Ficoll-Hypaque density
gradient separation and cryopreserved (in Thermo Scientific
Mr. FrostyTM containers at −1°C/minute) in 90% heat-inacti-
vated fetal bovine serum and 10% DMSO at a concentration
of 1-5 × 107 cells/mL until assayed. PBMCs were counted and
assessed for cell viability with trypan blue exclusion; median
cell viability of healthy donor PBMCs was 96% (85% min–
99% max). NK effector cells were isolated from PBMCs using
the Human NK Cell Isolation (negative selection) Kit
130–092-657 (Miltenyi Biotech, San Diego, CA, USA), accord-
ing to the manufacturer’s protocol. Isolated NK cells were >
90% pure. Purified NK cells were incubated overnight in
RPMI-1640 medium (Mediatech, Manassas, VA, USA) con-
taining 10% fetal bovine serum (Gemini Bio-Products, West
Sacramento, CA, USA), glutamine, and antibiotics
(Mediatech) prior to use.

Analysis of immune cell subsets in PBMCs from cancer
patients

PBMCs were isolated and cryopreserved as described above
from the blood of seven patients with metastatic breast cancer
enrolled in a Phase II study at the National Cancer Institute
(NCI; NCT0017930967) prior to treatment. PBMCs were
defrosted and rested overnight at 37 °C/5% CO2 in Iscove’s
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DMEM medium (Mediatech) supplemented with 10% heat-
inactivated human AB serum (Omega Scientific, Terzana, CA,
USA, virus negative, sterile filtered), 2 mM glutamine
(Mediatech), 100 units per ml penicillin and 100 μg ml−1

streptomycin (Mediatech). PBMCs were counted and assessed
for cell viability with trypan blue exclusion; median cell via-
bility of cancer patient PBMCs was 89.5% (84.3% min–94.6%
max). The following day, 5 × 106 PBMCs were exposed to
DMSO or entinostat (0.5 μM) for 48 hours. Alternatively,
5 × 106 PBMCs were exposed to vorinostat (3 μM) or
DMSO daily for 5 hours for 2 consecutive days; at the end
of the first treatment, cells were washed in fresh medium and
returned to incubation at 37°C with 5% CO2. Following full
treatment, PBMCs were harvested, assessed for number and
viability by trypan blue exclusion, and examined by multi-
color flow cytometry to identify 123 immune cell subsets, as
previously described.68 Immune subsets with a potentially
biologically relevant change following treatment with HDAC
inhibitors were defined as those with a p value of < 0.05, the
majority of patients having a > 20% change, difference in
medians > 0.05% of PBMCs, and a frequency >0.01% of
total PBMCs.

Antibodies

Avelumab, matching IgG1 isotype control, and bintrafusp
alpha (M7824) (MSB0011359C), a fully human bifunctional
molecule composed of the extracellular domain of human
TGFβRII (TGFβ Trap) linked to the C-terminus of anti-PD-
L1 heavy chain, were obtained from EMD Serono (Rockland,
MA) as part of a Cooperative Research and Development
Agreement with the NCI, NIH. Anti-human CD16-neutraliz-
ing mAb was obtained from eBioscience (San Diego,
CA, USA).

Chemicals and drug exposure

Vorinostat was obtained from Selleck Chemicals (Houston,
TX, USA). Entinostat was obtained from Syndax
Pharmaceuticals, as part of a Cooperative Research and
Development Agreement with the NCI, NIH. Adherent
tumor cells in log-growth phase were exposed daily for
5 hours to vehicle control (DMSO) or vorinostat (3 µM) for
4 consecutive days. At the end of each treatment, cells were
washed in fresh medium and returned to incubation at 37°C/
5% CO2. Alternatively, cells were continuously exposed for
72 hours to DMSO or entinostat (500 nM). Matrigel was
obtained from Invitrogen (Carlsbad, CA, USA). For selected
experiments, purified NK cells from healthy donors or
PBMCs from metastatic breast cancer patients were exposed
to DMSO or entinostat (500 nM) for 24 or 48 hours and then
washed prior to being used as effectors or examined by flow
cytometry, respectively.

Analysis of cell viability

After drug exposure as described above, cells were harvested
and viable cells were counted by trypan blue exclusion using a
Cellometer Auto T4 automated cell counter (Nexcelom

Bioscience, Lawrence, MA, USA). Cell viability was confirmed
by flow cytometry using LIVE/DEAD® Fixable Dead Cell Stain
Kits (Life Technologies, Carlsbad, CA, USA).

NK lysis in vitro assay

The lysis of tumor targets in the absence or presence of
avelumab was examined using a standard 4 hours or over-
night (15 hours) 111In-release assay, as previously described.34

Human tumor cells incubated with DMSO, vorinostat or
entinostat as previously described were washed in fresh
media before being used as targets. Purified human NK cells
that were either untreated or treated with DMSO or entinostat
and then washed were used as effectors at various effector to
target ratios depicted in the figures and figure legends.
Viability of NK cells with entinostat treatment was decreased
by 5% relative to DMSO. Avelumab and isotype control anti-
bodies were used at a concentration of 2 ng/mL. M7824 was
used at the equimolar concentration of 2.46 ng/mL. Where
applicable, purified NK cells were incubated at 37°C for
2 hours with CD16-blocking antibody (12 µg/mL) prior to
being used as effectors.

Flow cytometry

Analysis of cell-surface proteins in 3 × 104 tumor cells was
performed on a FACSVerse™ flow cytometer (BD Biosciences,
San Jose, CA, USA) as previously described,34 using the primary
labeled mAbs HLA-ABC [G46-2.6], CD274 (PD-L1) [MIH1],
MICA/B [6D(24)4], and the appropriate isotype-matched con-
trols (BD Biosciences). Analysis of purified healthy donor NK
cells was performed using LIVE/DEAD Fixable Blue Dead Cell
Stain Kit (ThermoFisher, Grand Island, NY, USA) prior to
labeling with the primary mAbs CD3-FITC [HIT3a], NKp30-
PE [P30-15], CD226-PE-Cy7 [11A8], CD56-BV605 [HCD56],
CD16-AF700 [3G8], NKG2D-APC-Cy7 [1D11], Ki67-PerCP-
Cy5.5 [Ki-67], CD158-PE-Cy7 [HP-MA4], Granzyme B-BV421
[gb11], NKp44-PE [P44-8], NKp46-PE-Cy7 [9E2], Perforin-
APC [dG9], CD107a-APC-Cy7 [H4A3], and PD-1-PE
[EH12.2H7]. Data were collected from 1 × 105 cells on a BD
LSRFortessa Flow Cytometer and analyzed using FlowJo soft-
ware (V9.7.6 or V9.9.5 for MAC; Treestar Inc., Ashland,
OR, USA).

In vivo studies

Female nu/nu mice were implanted with NCI-H460, DU145,
or PC-3 carcinoma cells (5 × 106, s.c., 1:1 in Matrigel). When
tumors reached 0.5–1 cm3, animals received four daily doses
of DMSO or vorinostat (150 mg/kg, p.o.) prior to sacrifice.
Alternatively, animals received a single dose of entinostat
(20 mg/kg, p.o.) or DMSO 72 hours prior to sacrifice.
Tumors were harvested, embedded in OCT, and frozen
immediately in a liquid nitrogen vapor phase. Six- to 10-
week old female nu/nu mice were obtained from the
National Cancer Institute’s Frederick Cancer Research
Facility, Frederick, MD, and were maintained in microisolator
cages under specific pathogen-free conditions in accordance
with the Association for Assessment and Accreditation of
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Laboratory Animal Care (AAALAC) guidelines. All experi-
mental studies were carried out under approval of the NIH
Intramural Animal Care and Use Committee.

Immunofluorescence

Frozen tumor sections (10 μm) were incubated for 10 min
at–20°C with ice-cold methanol (EMD Millipore, Billerica,
MA, USA) and washed three times with PBS. Sections were
incubated at room temperature for 1 hour with PBS contain-
ing 3% BSA/0.1% Tween 20, followed by a 1-hour incuba-
tion with 10% normal goat serum in PBS. Sections were then
incubated with antihuman PD-L1 mAb (SP142, Spring
Bioscience, Pleasanton, CA, USA) diluted at 1:100 in PBS
containing 1% BSA/0.1% Tween 20 overnight at 4°C. After
extensive washing in PBS, sections were incubated with goat
anti-rabbit AF594 (Molecular Probes, Eugene, OR, USA;
1:750 dilution) for 45 minutes at room temperature.
Sections were extensively washed with PBS and mounted
with DAPI-containing Vectashield mounting medium
(Vector Laboratories, Inc., Burlingame, CA, USA) in the
dark. Images were acquired on an LSM 780 confocal micro-
scope (Carl Zeiss Microimaging, Thornwood, NY, USA), and
confocal data were analyzed using Zen 2012 SP1 software
(black edition). Relative PD-L1 expression levels were calcu-
lated using ImageJ software by normalizing the intensity
values to their respective DMSO-treated controls.

Statistical analysis

Significant differences in the distribution of cell populations
by flow cytometry analyses were examined using the
Kolmogorov-Smirnov test and considered biologically signifi-
cant if they differed by ≥ 25% relative to respective controls.
Significant differences between two treatment groups were
determined by a 2-tailed t test, and differences between multi-
ple treatment groups were examined by 2-way ANOVA, using
GraphPad Prism 7.0 software. Differences were considered
significant when the p value was < 0.05. For the analysis of
immune subsets in peripheral blood, p values were deter-
mined using the predefined Wilcoxon matched-pairs signed
rank test, and given the exploratory nature of the study, are
presented without adjustment for multiple comparisons.
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