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Histone deacetylase inhibitors deplete myeloid-derived suppressor
cells induced by 4T1 mammary tumors in vivo and in vitro
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Abstract Myeloid-derived suppressor cells (MDSC) have
been identified as a population of immature myeloid cells
that suppress anti-tumor immunity. MDSC are increased
in tumor-bearing hosts; thus, depletion of MDSC may
enhance anti-tumor immunity. Histone deacetylase inhibi-
tors (HDAC!) are chemical agents that are primarily used
against hematologic malignancies. The ability of these
agents to modulate anticancer immunity has recently been
extensively studied. However, the effect of HDACi on
MDSC has remained largely unexplored. In the present
study, we provide the first demonstration that HDAC:i treat-
ment decreases MDSC accumulation in the spleen, blood
and tumor bed but increases the proportion of T cells (par-
ticularly the frequency of IFN-y- or perforin-producing
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CD8" T cells) in BALB/C mice with 4T1 mammary
tumors. In addition, HDACi exposure of bone marrow
(BM) cells significantly eliminated the MDSC population
induced by GM-CSF or the tumor burden in vitro, which
was further demonstrated as functionally important to
relieve the inhibitory effect of MDSC-enriched BM cells on
T cell proliferation. Mechanistically, HDACi increased the
apoptosis of Gr-17 cells (almost MDSC) compared with
that of Gr-1" cells, which was abrogated by the ROS scav-
enger N-acetylcysteine, suggesting that the HDACi-induced
increase in MDSC apoptosis due to increased intracellular
ROS might partially account for the observed depletion
of MDSC. These findings suggest that the elimination of
MDSC using an HDACi may contribute to the overall anti-
tumor properties of these agents, highlighting a novel prop-
erty of HDACi as potent MDSC-targeting agents, which
may be used to enhance the efficacy of immunotherapeutic
regimens.
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Abbreviations

Arg-1 Arginase-1

BM Bone marrow

CFSE Carboxyfluorescein diacetate succinimidyl
ester

CTL Cytotoxic T lymphocyte

DCFH-DA  2',7' Dichlorodihydrofluorescein diacetate

GM-CSF Granulocyte-macrophage colony stimulating
factor

HDACIi Histone deacetylase inhibitor(s)

IDO Indoleamine 2,3-dioxygenase

iNOS Inducible nitric oxide synthase

iTreg Inducible regulatory T cell
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L-NMMA  L-NG-monomethyl-arginine
MDSC Myeloid-derived suppressor cell(s)
NaB Sodium butyrate

NAC N-Acetylcysteine

nor-NOHA  N“-Hydroxy-nor-L-arginine
PBMC Peripheral blood mononuclear cell(s)
ROS Reactive oxygen species

SAHA Suberoylanilide hydroxamic acid
SPC Spleen cell(s)

TCR T cell receptor

Introduction

Myeloid-derived suppressor cells (MDSC) have been iden-
tified as a population of immature myeloid cells that sup-
press both adaptive and innate anti-tumor immunity in
humans and mice [1]. These cells are derived from a mye-
loid lineage and comprise precursors of macrophages, gran-
ulocytes, dendritic cells and myeloid cells [2, 3]. Mouse
MDSC are phenotypically characterized by the expression
of the cell surface antigens Ly-6C/Ly-6G (both recognized
by the Gr-1 antibody) and CD11b, while human MDSC
are primarily defined by a CD11b* CD33" CD14~ HLA-
DR™ phenotype [4]. These cells accumulate in the blood,
lymph nodes, bone marrow and tumor beds in many human
and animal tumor models [5]. MDSC suppress anti-tumor
immunity, primarily by inhibiting the proliferation and
activation of T cells, depending on multiple mechanisms,
including the expression of inducible nitric oxide synthase
(iNOS), arginase-1 (Arg-1) and/or indoleamine 2,3-dioxy-
genase (IDO) and the production of peroxynitrites and
reactive oxygen species (ROS) [2, 6].

Given these immunosuppressive effects, it has been
suggested that the elimination of these myeloid suppres-
sor cells may significantly improve anti-tumor responses
and enhance the effects of cancer immunotherapy [7, 8].
Many strategies for suppressing the immunosuppressive
actions of MDSC have been examined, including treat-
ments designed to favor the differentiation or inhibit the
expansion and function of these cells [9, 10]. Several prom-
ising results have recently been obtained demonstrating
that MDSC can be directly eliminated using certain chemo-
therapeutic drugs, such as gemcitabine, 5-fluorouracil, doc-
etaxel or doxorubicin [11-14].

Histone deacetylase inhibitors (HDACi), a new genera-
tion of chemical agents developed as a therapy primarily
against hematologic malignancies, can alter the acetyla-
tion of histones in chromatin and enhance the transcrip-
tion of genes [15]. Almost all HDACi can induce cell
cycle arrest, differentiation or apoptosis, by either induc-
ing or repressing relevant gene expression [16]. Among
these agents, butyrate [e.g., sodium butyrate (NaB)] was
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initially proposed to show anticancer activities, and vori-
nostat (SAHA) was the first HDACi drug approved by
the food and drug administration for clinical use in cancer
patients with cutaneous T-cell lymphoma [17]. Extensive
evidence suggests that in addition to showing direct tumori-
cidal activity, HDACi also modulate anti-tumor immunity.
HDACIi can augment the immunogenicity of tumor cells
by upregulating the expression of major histocompatibil-
ity complex (MHC) class I and II proteins, co-stimulatory/
adhesion molecules (CD40, CD80 and CD86), intercellu-
lar adhesion molecule 1 (ICAM1) and MHC class I chain-
related molecules (MICA and MICB) on the surface of
tumor cells [18, 19]. These effects have been shown to acti-
vate IFN-y-secreting T cell responses and increase CTL-
mediated destruction [15, 20].

However, the effects of HDACi on MDSC have remained
largely unexplored. In the present study, we investigated
the effects of HDACi on the depletion of MDSC and the
underlying mechanisms. We provide the first evidence that
HDAC: treatment decreases MDSC accumulation in the
spleen, blood and tumor bed but increases the proportion
and activation of T cells in BALB/C mice with 4T1 mam-
mary tumors. In addition, HDACi exposure of bone mar-
row (BM) cells significantly eliminated the MDSC popula-
tion induced by GM-CSF or a tumor burden in vitro, which
was further demonstrated as functionally important. Mech-
anistically, the increased apoptosis of Gr-17 cells (almost
MDSC) compared with Gr-1" cells induced through an
increase in intracellular ROS due to HDACi treatment
might at least partially account for the observed decrease in
the proportion of MDSC.

Materials and methods
Chemicals and reagents

SAHA was purchased from Selleck (Houston, TX, USA)
and NaB was obtained from Sigma-Aldrich (St. Louis,
MO). Recombinant murine GM-CSF was purchased from
Peprotech (Rocky Hill, NJ). Lysis buffer for red blood cells
was obtained from Sigma-Aldrich (St. Louis, MO). The
iNOS inhibitor L-NG-monomethyl-arginine (L-NMMA)
was obtained from Beyotime Biotechnology (Nanjing,
China), and the Arg-1 inhibitor (nor-NOHA) was pur-
chased from Cayman Chemical (Ann Arbor, MI). Rat
monoclonal anti-Gr-1 (clone RB6-8C5) primary antibody
was obtained from Biolegend (San Diego, CA). Antibodies
against CD3¢ and CD28, and the fluorochrome CFSE used
for T cell proliferation assays were obtained from BD Bio-
sciences (Qume Drive San Jose, CA). PE-labeled antibod-
ies against mouse CD11b, CD3, CD4, CD8, FITC-labeled
antibodies against mouse Gr-1, CD25, IFN-y, perforin and
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their related isotype controls were obtained from Biolegend
(San Diego, CA). APC-labeled antibodies against mouse
Foxp3 were obtained from eBioscience. PrimeScript ®RT
master mix (Perfect Real Time) and SYBR® Premix Ex
TaqTM (Perfect Real Time) were purchased from TaKaRa.
EZNA Annexin V and propidium iodide (PI) were obtained
from BD biosciences (Qume Drive San Jose, CA).

Animals and cell lines

Six-week-old female BALB/C and C57BL/6 mice were
obtained from the Animal Experimental Center of Sun Yat-
sen University (Guangzhou, China). The procedures for the
handling and care of the mice were approved by the Animal
Experimentation Ethics Committee of Sun Yat-sen Univer-
sity (Guangzhou, China). The 4T1 murine mammary tumor
cell line was obtained from the Type Culture Collection of
the Chinese Academy of Sciences (Shanghai, China). Cells
were maintained in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 100 pg/ml streptomycin and
100 U/ml penicillin at 37 °C in a humidified atmosphere
enriched with 5% CO.,.

Animal models and treatments

To establish the 4T1 mammary tumor mouse model,
1 x 10° 4T1 cells were subcutaneously injected into the
flank of BALB/C mice to form tumors. At 5 days after
tumor cell injection (when the tumor surface area was
~100 mm?), the mice were intraperitoneally injected with
an HDACi (SAHA, 25 or 80 mg/kg), vehicle (2% DMSO,
40% PEG 300, 5% propylene glycol and 1% Tween 80) or
normal saline three times a week. Tumor sizes were meas-
ured and recorded every 4 days. According to the experi-
mental scheme, the animals were killed on Days 0, 10,
23 and 29 after tumor inoculation, and the spleen, bone
marrow, blood and lymph nodes were collected. Cell sus-
pensions of these tissues were subsequently prepared for
flow cytometry analysis of the MDSC population or cell
culture in vitro. Tumor tissues were further removed and
fixed with 4% paraformaldehyde for immunohistochemical
examination.

Immunohistochemical examination

Tumor samples isolated from tumor-bearing BALB/C
mice were fixed in 4% paraformaldehyde for 24 h prior to
processing for immunohistochemical analysis. The proce-
dures were performed according to manufacturer’s instruc-
tions (Abcam, Cambridge, UK). Briefly, the fixed tumor
samples were dissected into small pieces (<3 mm thick),
dehydrated, paraffin-embedded and cut into 4-pm-thick
sections. The sections were then immunostained with an

anti-Gr-1 antibody. Next, high-pressure antigen retrieval
was performed using citrate buffer (10 mmol/L, pH 6.0);
endogenous peroxidase activity was quenched with 3%
hydrogen peroxide in methanol for 15 min, followed by
blocking with normal serum for 30 min at room tempera-
ture. The sections were subsequently incubated with the
primary antibody against Gr-1 (1:500, Biolegend, CA)
overnight at 4 °C, followed by incubation with a strepta-
vidin-horseradish peroxidase-conjugated anti-mouse sec-
ondary antibody (1:200, Boster, China). Between each step,
the sections were washed three times for 10 min with 0.1 M
PBS. The sections were subsequently stained using a DAB
substrate kit (Boster, China). After washing for 10 min with
running water, counter-staining was achieved using hema-
toxylin. Five random fields of the immunohistochemical
sections were observed under a microscope (Nikon, Japan)
at a magnification 200 x.

MDSC expansion induced by GM-CSF

BM cells were collected from mouse femurs and tibias,
then washed twice with PBS and cultured in RPMI 1640
medium supplemented with 10% FBS, 50 uM 2-mercap-
toethanol (2-ME). GM-CSF (400 pg/mL) was added to the
medium for 2-3 days to stimulate MDSC expansion [21].

Flow cytometry analysis

To label antigens on the cell membrane, cell suspensions
from blood, spleen and bone marrow samples obtained
from normal and tumor-bearing mice or cultured cells were
washed with PBS and subsequently directly incubated with
the indicated antibodies (for Gr-1, CDI11b, CD3, CD4,
CD8, and CD25) or isotype controls (1 h, 4 °C). To label
intracellular proteins, the cells were washed, fixed and fur-
ther permeabilized, and subsequently incubated with the
indicated antibodies (perforin, IFN-y, or Foxp3) or isotype
controls. For the detection of apoptosis, BM cells were
directly stained with Annexin V and PI without fixation and
permeabilization. Subsequently, the cells were washed and
resuspended in PBS. For intracellular ROS detection, bone
marrow cells were collected and directly stained with oxi-
dation-sensitive fluorescent 2’7’ dichlorodihydrofluores-
cein diacetate (DCFH-DA; 5 uM) for 20 min. The fluores-
cence data were collected using a flow cytometry machine
(EXLTM, Beckman Coulter), and the data were analyzed
using FlowJo software.

Suppression assays for T cell proliferation
To obtain purified T cells for subsequent T cell prolifera-

tion assays, the spleens of naive mice were collected and
dissociated into spleen cell suspensions. After red blood

@ Springer



358

Cancer Immunol Immunother (2017) 66:355-366

cell lysis, the cell suspensions were incubated in nylon
wool columns for 45 min at 37 °C. More than 90% of the
eluted cells were confirmed to be T cells after detecting
surface CD3 antigens using flow cytometry.

For T cell proliferation assays, spleen T cells were
labeled with 1 M CFSE according to the manufacturer’s
instructions and plated onto 96-well plates pre-coated with
anti-CD3¢ and anti-CD28 antibodies.

To examine the effects of HDACi on the inhibitory
effect of MDSC-enriched BM cells in T cell proliferation,
the same number of living BM cells (containing >70%
MDSC) from tumor-bearing mice treated with or without
HDACIi (SAHA and NaB) was added to the culture (T:BM
cells = 4:1 or 2:1). After 3 days, the cells were harvested,
and T cell proliferation was determined by measuring the
dilution of CFSE using flow cytometry after gating on the
CD3" cell populations.

Quantitative real-time PCR

Total mRNA was extracted from BM cells after treatment.
Subsequently, first-strand cDNA synthesis was performed
from 500 ng of total RNA. The target and reference genes
(B-actin) were quantified in triplicate using the Light-
Cycler® 480 II Real-Time PCR System (Roche, Applied
Science). The following primers were employed in each
reaction: B-actin, forward 5’-CCT GAC CGA GCG TGG
CTA CAG C-3/ and reverse 5'-AGC CTC CAG GGC ATC
GGA C-3’; Arg-1, forward 5-AGT CTG GCA GTT GGA
AGC AT-3’ and reverse 5-CAT CTG GGA ACT TTC
CTT TC-3’; iNOS, forward 5-GCT GTT CTC AGC CCA
ACA AT-3' and reverse 5-TGC AAG TGA AAT CCG
ATG TG-3'. After normalization to the B-actin gene, the
expression levels of each target gene were calculated using
the comparative threshold cycle (CT) method. Act values
were calculated according to the formula Act = ct (gene of
interest) — ct (B-actin), and 2724t wag calculated, where
AAct = Act (control group) — Act (experimental group),
for the determination of expression, expressed as the fold
change between the experimental and control samples.

Statistical analysis

Results were expressed as mean =+ standard deviation (SD)
of three independent experiments unless otherwise speci-
fied. Student’s ¢ test and one-way ANOVA were performed
to compare the differences between groups. Statistical anal-
yses were performed using GraphPad Prism Software ver-
sion 5.0 (GraphPad Software Inc., La Jolla, CA). P < 0.05
was considered as statistically significant.
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Results

Direct depletion of MDSC by HDACi (SAHA)
treatment decreases MDSC accumulation in mice
with 4T1 mammary tumors

To study the effect of HDACi on MDSC expansion, a fre-
quently used animal model was established to induce MDSC
expansion. In this model, mice were injected with 4T1 mam-
mary tumor cells to form tumors, and dramatic expansion of
MDSC (CD11b"/Gr-17) was observed in the spleen, blood
and bone marrow during tumor growth (Supplementary
Fig. 1). In this model, SAHA was intraperitoneally adminis-
tered at two doses (25 and 80 mg/kg) to study the effect of
HDAC: treatment on MDSC expansion in vivo. The results
shown in Fig. 1b demonstrated that SAHA treatment did
not markedly change the tumor volume prior to Day 17 but
reduced the tumor volume thereafter compared with the con-
trols. We observed that the tumor volume was significantly
decreased in mice after SAHA treatment compared with that
of the controls at Day 29, as shown in the lower panels in
Fig. 1b. These results confirmed the direct anti-tumor proper-
ties of SAHA, as described in earlier reports. Previous studies
have shown that lower tumor burdens stimulate less MDSC
accumulation than larger tumor burdens in mice, suggesting
that a reduced tumor burden induced by the toxicity of an
HDACIi might indirectly decrease MDSC accumulation. To
objectively determine the direct effect of SAHA on MDSC
expansion, samples were collected on Day 23 and, especially,
on Day 10 (when the mice exhibited comparable tumor bur-
dens) and analyzed via flow cytometry (Fig. 1b). The results
revealed that SAHA treatment at the indicated two doses sig-
nificantly decreased the proportion of MDSC in the spleen
but only slightly decreased the proportion of MDSC in
peripheral blood on both Days 10 and 23 compared with the
controls (Fig. 1¢). Furthermore, using an immunohistochemi-
cal staining approach, we observed that the number of Gr-17"
cells in the tumor bed was diminished after SAHA adminis-
tration compared with the number in the untreated group on
Day 10 (Fig. 1d). These results collectively demonstrated that
the direct depletion of MDSC through HDACi (SAHA) treat-
ment contributes to the decrease in MDSC accumulation in
mice with 4T1 mammary tumors.

HDACi (SAHA) treatment increases the proportion
and activation of T cells in BALB/C mice with 4T1
mammary tumors

Increased MDSC infiltration in the tumor bed was asso-
ciated with a reduction of anti-tumoral effector T cells
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Fig. 1 HDACi (SAHA) eliminates MDSC induced by 4T1 mam-
mary tumors in BALB/C mice. a Schematic representation of the
experimental design for evaluating the effect of an HDACi (SAHA)
on MDSC induced by 4T1 tumors. A total of 1 x 10° 4T1 cells were
subcutaneously injected into the flank of BALB/C mice to gener-
ate tumors. On Day 5, the mice were intraperitoneally injected with
SAHA (25 or 80 mg/kg), vehicle or NS three times a week. b The
tumor volume was measured and recorded every 4 days after SAHA
treatment (upper curve graph). Representative tumor images show
the changes in volume between the groups on Days 10 and 29 (lower
images). ¢ Spleen and blood cells were collected and labeled with

during tumor progression. Thus, we next sought to deter-
mine whether the depletion of MDSC through HDACi
(SAHA) treatment enhanced the immune response by alter-
ing the proportion or activation of T cells. Interestingly, the
results showed that the frequency of CD41 and CD8* T
cells in the spleen was significantly increased after SAHA
administration (Fig. 2a). Furthermore, the percentage of
IFN-y-producing CD8* T cells, but not CD4" T cells, was
significantly elevated after SAHA treatment compared
with the percentage in the controls (Fig. 2b). In addition,
SAHA treatment markedly increased the frequency of
perforin-producing CD8" T cells (Fig. 2c). Taken together,
these results demonstrated that HDACi (SAHA) treat-
ment increased the proportion and activation of T cells in
BALB/C mice with 4T1 mammary tumors.

fluorescently labeled monoclonal antibodies to analyze the proportion
of MDSC (Gr-17/CD11b%") among these cells using flow cytometry
on Days 10 and 23 (left). The average percentages of MDSC in the
spleen and PBMC of different treatment groups were further calcu-
lated on Days 10 and 23 and are displayed in histograms (right). d
Tumor samples isolated from BALB/C mice were collected and fixed
for immunohistochemical analysis on Day 10. Tumor sections were
immunostained to label Gr-17 cells in the tumor beds from differ-
ent groups. Representative images are shown at a x200 magnifica-
tion. Scale bar 100 pm. *P < 0.05, **P < 0.01, ***P <0.001;n =5
mice per group

HDACi (SAHA and NaB) exposure significantly
depletes MDSC induced by GM-CSF in BM cells or a
tumor burden in vitro

Considering the depletion of MDSC in vivo, we reasoned
that HDACi might exhibit the same effect in vitro. How-
ever, there is limited information concerning the drug dis-
tribution of SAHA and NaB in the organ compartments
of mice. Thus, the dose of an HDACi to which bone mar-
row would typically be exposed in a therapeutic setting is
unclear. It was previously reported that after a single oral
dose (50 mg/kg) of SAHA, the maximum concentration of
SAHA detected in mouse plasma was approximately 2 pM,
and when NaB was orally delivered to mice at 5 g/kg, the
peak plasma butyrate concentrations was approximately
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9 mM [22, 23]. According to this information, combined
with our previous findings [24, 25] and preliminary anal-
yses (Supplementary Figs. 3 and 4), we selected HDACi
concentrations of 2 uM for SAHA and 2.4 mM for NaB to
be used in in vitro experiments with BM cells in the present
study. We examined the direct toxicity of SAHA and NaB
to BM cells at doses ranging from 0.25 to 2.5 wM and 0.3
to 3 mM, respectively, in preliminary analyses. The results
showed that both SAHA and NaB exhibited increasing tox-
icity at increasing concentrations. However, after SAHA
and NaB treatment at doses of 2 uM and 2.4 mM, respec-
tively, for 24 h, approximately 40% of the BM cells from
tumor-bearing mice survived, which was sufficient for the
in vitro experiments (Supplementary Fig. 3).

To study the effects of HDACi on MDSC expansion
in vitro, GM-CSF (400 pg/ml) was used to induce MDSC
expansion in vitro, and the proportion of MDSC in BM
cells was observed to be dramatically increased after GM-
CSF stimulation for 72 h (Fig. 3a). Importantly, the pro-
portion of MDSC among the residual living BM cells was
decreased to an undetectable level after SAHA or NaB
treatment (Fig. 3a). Notably, the proportion of MDSC in
the control group was also decreased to an undetectable
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level after SAHA or NaB treatment (Fig. 3a). Furthermore,
isolated murine BM cells containing >70% MDSC induced
under a tumor burden were also used to determine the
effects of HDACi treatment on MDSC in vitro. The results
showed that the proportion of MDSC among the residual
living BM cells was also decreased to an undetectable level
after SAHA or NaB treatment (Fig. 3b). These findings
collectively demonstrated that HDACi (SAHA and NaB)
exposure significantly depleted MDSC in BM cells induced
by GM-CSF or a tumor burden in vitro.

MDSC-enriched BM cells from tumor-bearing mice fail
to inhibit T cell proliferation after HDACIi treatment

MDSC suppress the proliferation of T cells [8]. If the
HDAC:-induced depletion of MDSC in BM cells is func-
tionally important, then equal numbers of BM cells from
4T1 tumor-bearing mice should be more suppressive than
equal numbers of BM cells from tumor-bearing mice pre-
treated with HDACi (SAHA and NaB) in vitro. The effect
of residual living BM cells after treatment with or without
HDACi (SAHA and NaB) on the proliferation of T cells
was therefore tested using a well-described T cell receptor
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Fig. 3 HDACi (SAHA and NaB) exposure significantly depletes
MDSC induced in BM cells by GM-CSF or a tumor burden in vitro.
a Normal mouse BM cells were collected and pre-cultured with or
without GM-CSF (400 pg/ml) for 3 days and further treated with or
without SAHA (2 wM) and NaB (2.4 mM) for an additional 24 h.
Subsequently, the percentage of MDSC in BM cells was detected
using flow cytometry. b BM cells collected from tumor-bearing
mice were treated with or without SAHA (2 M) and NaB (2.4 mM)
for 24 h. Subsequently, the percentage of MDSC in BM cells was
detected using flow cytometry. The data represent one of the three
experiments that were independently performed and analyzed

(TCR)-activated T cell proliferation assay. The results dem-
onstrated that induced T cell proliferation was indeed sup-
pressed after co-culture with BM cells derived from tumor-
bearing mice (containing >70% MDSC) at two different
ratios (T:BM cells = 4:1 or 2:1). Furthermore, this immu-
nosuppressive activity was almost completely abolished
after HDACi (SAHA and NaB) pre-treatment of BM cells
(Fig. 4a). As previously described, Arg-1 and iNOS are two
critical mediators that play immunosuppressive roles in
MDSC. Thus, if the MDSC population in MDSC-enriched
BM cells plays the predominant immunosuppressive role,
then immunosuppression should be at least partially abro-
gated by Arg-1 and iNOS inhibitors. As expected, the
immunosuppression effect was largely abrogated by treat-
ment with either the Arg-1 inhibitor nor-NOHA or the
iNOS inhibitor L-NMMA (Fig. 4b), indirectly suggesting

that the MDSC population in BM cells played the predomi-
nant immunosuppressive role. In addition, we confirmed
that the gene expression of Arg-1 and iNOS in MDSC-
enriched BM cells was significantly decreased after MDSC
depletion due to SAHA and NaB treatment (Fig. 4c). Taken
together, these data suggested that HDACi (SAHA and
NaB)-induced MDSC depletion is functionally important.

HDAC: treatment induces a 2-fold increase in the
apoptosis of Gr-1" cells compared with Gr-1- cells
through increasing intracellular ROS in BM cells

Previous studies have shown that chemotherapeutic drugs,
such as doxorubicin and S-fluorouracil, result in depletion
of MDSC through the selective apoptosis of these cells. We
therefore speculated that the significant depletion of MDSC
induced by HDACi (SAHA and NaB) might also reflect the
selective killing of MDSC. Interestingly, the results dem-
onstrated that SAHA (2 pM) and NaB (2.4 mM) induced
approximately 2-fold more apoptosis of Gr-17 cells com-
pared with Gr-1~ cells in BM cells from tumor-bearing mice
in vitro (Fig. 5a). These data indicated that HDACi (SAHA
and NaB) might induce more, rather than selective, MDSC
apoptosis. Based on these results, we reasoned that more
apoptosis would be induced by HDACi treatment in BM
cells from 4T1 tumor-bearing mice than in an equal num-
ber of BM cells from normal mice. As expected, the results
showed that SAHA (4 uM) and NaB (5 mM) induced more
apoptosis of BM cells from 4T1 tumor-bearing mice com-
pared with those from normal mice (Fig. 5b). As previously
described, HDAC: trigger apoptosis by elevating ROS lev-
els [26, 27]; thus, we speculated that HDACi might enhance
the increase in ROS production in MDSC, leading to ROS-
dependent apoptosis. First, we assessed whether HDACi
treatment increases intracellular ROS levels in BM cells. The
results showed that SAHA (2 wM) and NaB (2.4 mM) treat-
ment significantly increased intracellular ROS levels in BM
cells (Fig. 5¢). Subsequently, N-acetylcysteine (NAC), which
eliminates intracellular ROS, was used to determine whether
the induction of ROS production by HDACi treatment func-
tions as a potential mechanism for the enhanced apoptosis
of Gr-17 cells using flow cytometry. The results showed
that the enhancement of apoptosis in Gr-17 cells induced by
the HDACi was largely reversed after the addition of NAC
(Fig. 5d). These findings collectively demonstrated that
HDAC:i induced more apoptosis of Gr-1* cells than Gr-1~
cells through increasing intracellular ROS in BM cells.

Discussion

MDSC, a primary suppressive cell population, have been
widely documented in animals and patients with tumors.
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Fig. 4 BM cells from tumor-bearing mice failed to inhibit T cell pro-
liferation after HDACi treatment. A T cell proliferation suppression
assay was performed to investigate the effects of HDACI on the activ-
ity of BM cells derived from tumor-bearing mice (containing >70%
MDSC) in inhibiting T cell proliferation. a BM cells from tumor-
bearing mice were treated with or without SAHA (2 puM) and NaB
(2.4 mM) for 24 h and subsequently harvested and used to inhibit T
cell proliferation at different ratios (T:BM cell = 4:1 or 2:1). After
three days, the mixed cells were harvested, and T cell proliferation
was determined by measuring the dilution of CFSE using flow cytom-

The elimination of MDSC may significantly improve anti-
tumor responses and enhance the effects of cancer immu-
notherapy. Accordingly, depletion of Gr-17 MDSC using
an anti-Gr-1 monoclonal antibody restores T-cell anti-
tumor activity [28, 29]. However, anti-Gr-1 also depletes all
mature granulocytes, leading to severe immunosuppression
[8]. The promotion of MDSC differentiation using all-trans
retinoic acid (ATRA), a natural metabolite of vitamin A,
has also been considered [30]. Recent studies have revealed
that several cytotoxic agents, such as gemcitabine, 5-fluo-
rouracil and doxorubicin, not only exert a direct cytotoxic
effect on tumor cells but also eliminate MDSC in vivo in
mice and humans [13, 31]. In the present study, we provide
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tor) and L-NMMA (iNOS inhibitor) were used to study the roles of
Arg-1 and iNOS in the inhibition of T cell proliferation induced by
MDSC-enriched BM cells. ¢ BM cells from tumor-bearing mice were
treated with or without SAHA (2 pwM) and NaB (2.4 mM) for 12 h,
and the relative mRNA expression of Arg-1 and iNOS was analyzed
using qRT-PCR. **P < 0.01, ***P < 0.001. The data represent one
of the three experiments that were independently performed and ana-
lyzed

the first evidence that HDACi eliminates MDSC in vivo
and in vitro. Using a 4T1 tumor-bearing mouse model, we
demonstrated that HDACi (SAHA) administration reduced
the proportion of MDSC in the spleen, blood and tumor
beds. The results also showed that the inhibitory effect of
SAHA was more obvious in the spleen than in blood, and
there was no significant difference between the two doses
of SAHA used. Rosborough et al. previously reported that
the HDACi reagent TSA facilitates, rather than inhibits,
the GM-CSF-mediated expansion of MDSC in vitro and
in vivo; these authors also demonstrated that SAHA pro-
motes GM-CSF-stimulated MDSC expansion in BM cell
cultures, contradictory to the findings presented herein
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Fig. 5 HDACi (SAHA and NaB) induces a greater increase in the
apoptosis of Gr-1* than Gr-17 cells through increasing intracellu-
lar ROS. a BM cells from tumor-bearing mice were treated with or
without SAHA (2 uM) and NaB (2.4 mM) for 24 h, and the cells
were subsequently stained with an anti-Gr-1 antibody and Annexin V
to detect the differences in cell apoptosis between Gr-1* and Gr-1~
BM cells using flow cytometry. b BM cells from normal mice and
tumor-bearing mice were treated with or without SAHA (4 uM)
and NaB (5 mM) for 24 h, and the cells were stained with Annexin
V and PI. Subsequently, the percentage of apoptotic cells was ana-
lyzed using flow cytometry, and the average percentage of apoptotic
cells (Annexin V1/PI™ and Annexin V'/PI™) was further calculated,
as shown in the histogram. ¢ BM cells from normal mice were pre-
treated with or without GM-CSF (400 pg/ml) for 3 days, followed by

[32]. However, this previous study was conducted using
relatively lower concentrations (0.1-10 nM for TSA and
10-500 nM for SAHA) than were used in the present study.

co-treatment with or without SAHA (2 wM) and NaB (2.4 mM) for
an additional 8 h. BM cells were subsequently incubated with DCFH-
DA for intracellular ROS detection through flow cytometry. Repre-
sentative flow cytometry data showing the changes in the intracellular
ROS level in BM cells after SAHA and NaB treatment are presented.
d BM cells from tumor-bearing mice were pre-treated with or with-
out N-acetylcysteine (NAC) for 12 h, followed by co-treatment with
or without SAHA (2 M) and NaB (2.4 mM) for an additional 24 h.
Subsequently, the cells were stained with an anti-Gr-1 antibody and
Annexin V to detect differences in cell apoptosis between Gr-1" cells
under different treatments using flow cytometry. The data represent
one of the three experiments that were independently performed and
analyzed

Interestingly, the data presented in Supplementary Fig. 4
confirmed that SAHA and NaB increased the proportion
of MDSC at lower doses of 0.25-0.5 wM and 0.3-0.6 mM,
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respectively. However, at higher doses of 1-2 uM and
1.2-2.4 mM, treatment with SAHA and NaB, respectively,
started to deplete MDSC. This result suggested that HDACi
might promote MDSC expansion at relatively lower doses
and prevent expansion at more therapeutically relevant
doses.

Increased MDSC infiltration in tumor beds is associ-
ated with a reduction of activated anti-tumoral T cells dur-
ing tumor progression [8]. Thus, we examined whether the
depletion of MDSC by HDACi (SAHA) treatment may
influence the proportion or activation of T cells in vivo.
Interestingly, the frequency of CD4" and CD8* T cells in
the spleen was significantly increased, and the percentage
of IFN-y- and perforin-producing CD8™ T cells, rather than
CD4" T cells, was also significantly elevated after SAHA
administration. In addition, the proportion and absolute
number of iTregs (CD4TCD25"FoxP3") in the lymph
nodes was markedly decreased after SAHA treatment (Sup-
plementary Fig. 2). These results indicated that an HDACi
(SAHA) might improve the immune responses of T cells
through depletion of MDSC in BALB/C mice with 4T1
mammary tumors.

We further investigated the effects of HDACi (SAHA
and NaB) on MDSC in vitro and observed that the accu-
mulated MDSC population in BM cells induced by either
GM-CSF or a tumor burden was eliminated to an unde-
tectable level after exposure to an HDACi (2 uM SAHA
or 2.4 mM NaB) in vitro. We further observed that the
HDAC:i-induced depletion of MDSC was more com-
plete in vitro than in vivo. We speculated that this obser-
vation might reflect the consecutive renewal of MDSC
induced by tumor-derived factors through the stimulation
of myelopoiesis, inhibition of immature myeloid cell dif-
ferentiation and potentially different cytotoxicity to MDSC
in vivo and in vitro. Furthermore, we demonstrated that the
HDAC: -induced elimination of MDSC in BM cell popula-
tions was functionally important. The results confirmed
that BM cells from tumor-bearing mice (containing >70%
MDSC) significantly suppressed the proliferation of T
cells, and pre-treatment with an HDACi (SAHA or NaB)
almost fully abrogated this suppression. Arg-1 and iNOS
are two well-known mediators of the immunosuppressive
activity of MDSC [33]. Arginase metabolizes the sub-
strate L-arginine, resulting in a shortage of L-arginine in the
microenvironment and inhibition of T-cell proliferation,
while iNOS metabolizes L-arginine and generates NO to
suppress T-cell function [1]. Importantly, we observed that
the suppression of T cell proliferation induced by MDSC-
enriched BM cells was largely abrogated by an inhibitor
of either Arg-1 (nor-NOHA) or iNOS (L.-NMMA), dem-
onstrating the predominant role of the MDSC population
in BM cells from tumor-bearing mice. Furthermore, we
demonstrated that the gene expression of both Arg-1 and
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iNOS was significantly decreased in MDSC-enriched BM
cells after HDACi (SAHA and NaB) treatment in vitro, and
we speculated that this effect might result from the deple-
tion of MDSC, rather than the direct suppression of gene
expression by HDACi in BM cells. These data collectively
suggest that HDACi treatment abolishes the immunosup-
pressive action of MDSC and can potentially be employed
as an immunotherapeutic regimen.

As previously described, chemotherapeutical drugs
eliminate MDSC in tumor-bearing mice through differ-
ent putative mechanisms. Gemcitabine, 5-fluorouracil and
doxorubicin induce the selective apoptosis of MDSC. The
selective effect of S5-fluorouracil reflects the decreased
expression of thymidylate synthase in MDSC [14]. The
selective effect of doxorubicin partially reflects enhance-
ment of the high production of ROS by MDSC (compared
with other cell subsets), leading to ROS-dependent apop-
tosis [12]. However, the related mechanism for gemcit-
abine remains unexplored. We initially speculated that the
depletion of MDSC by HDAC: treatment might reflect the
selective killing of MDSC. However, the results showed
that SAHA (2 wM) and NaB (2.4 mM) induced approxi-
mately 2-fold more apoptosis in Gr-17 cells than in Gr-1~
cells in vitro, indicating that HDACi might trigger more,
rather than selective, apoptosis of MDSC. This finding
suggested that the greater HDACi-induced increase in the
apoptosis of Gr-17 cells compared with Gr-1~ cells might
at least partially account for the decreased MDSC popu-
lation. Regarding the mechanism underlying how HDACi
induce increased apoptosis of Gr-1" cells, we speculated
that HDACi might enhance the high production of ROS
in MDSC such as doxorubicin, leading to ROS-dependent
apoptosis, as HDACI trigger apoptosis by elevating ROS
levels [26, 27]. As speculated, SAHA and NaB treatment
significantly increased intracellular ROS levels in BM
cells. More importantly, the enhancement of apoptosis in
Gr-17 cells induced by HDACi was largely reversed after
the addition of NAC. These findings collectively indicated
that the HDACi induced a greater increase in the apop-
tosis of Gr-11 cells compared with that of Gr-1" cells
through increasing intracellular ROS in MDSC-enriched
BM cells.

Notably, the depletion of MDSC to undetectable levels
in vitro may not be fully explained by the HDACi-induced
increase in the apoptosis of Gr-17 cells. Chemotherapeutic
drugs such as docetaxel eliminate MDSC by promoting the
differentiation of these cells [34]. In addition, HDACi were
previously demonstrated to restore retinoic acid signal-
ing and promote the differentiation of leukemic cells [35].
These data suggest that HDACi may promote MDSC dif-
ferentiation into mature monocytes, such as macrophages
or DC cells. However, further studies are needed to verify
these speculations.
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In summary, we provided the first evidence that HDACi
treatment decreases MDSC accumulation in the spleen,
blood and tumor beds and increases the proportion of T
cells (particularly that of IFN-y- or perforin-producing
CD8" T cells) in BALB/C mice with 4T1 mammary
tumors. In addition, HDACi exposure of BM cells signifi-
cantly eliminated the MDSC population induced by GM-
CSF or a tumor burden in vitro, which was further dem-
onstrated as functionally important to relieve the inhibitory
effect of MDSC-enriched BM cells on T cell proliferation.
Mechanistically, the increased apoptosis of Gr-17 cells
compared with that of Gr-1- cells induced by increas-
ing intracellular ROS via HDAC: treatment might at least
partially account for the decreased proportion of MDSC
observed in the present study. These findings suggest that
elimination of MDSC by HDACi treatment may contribute
to the overall anti-tumor properties of these cells, highlight-
ing a novel property of HDACi as a potent MDSC-targeting
agent, which may be used to enhance the efficacy of immu-
notherapeutic regimens.
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